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According to the U.S. EPA, the average American spends 90% of their time indoors 
where pollutants are two to five times more prevalent than outside. The consequences of 
these pollutants are estimated to cost the U.S. 125 billion dollars in lost health and 
productivity. Background literature suggests botanical air filtration may be able to solve 
this problem by leveraging the natural ability of plants to purify indoor air. By improving 
indoor air quality, energy consumption can also be reduced by bringing in less outside air 
to dilute contaminants within the space. A botanical air filter, called the Biowall, was 
designed and grown aeroponically in a sealed environmental chamber. Precise 
measurements of air temperature, air humidity, air quality and energy consumption were 
made under various lighting levels, plant species and watering strategies to optimize its 
performance. It was found to reduce indoor air pollutants 60 percent and has the potential 





CHAPTER 1. INTRODUCTION 
This chapter features introductory material and background information on the 
topic of botanical air filtration.  It provides the fundamental research question addressed 
throughout the study, as well as showing the problem’s significance and scale. It 
concludes by outlining the assumptions made as well as the limitations and delimitations 
of the study. 
1.1 Problem Statement 
The rising global problem of sustainability has many facets that are interrelated 
and interdisciplinary in nature. One way of defining sustainability proposed by the EPA 
is promoting the wellbeing of people, economic prosperity and the planet. One major 
issue with creating a better living environment for people is poor indoor air quality. The 
average American spends over 90 percent of their time indoors, an environment that is 
usually two to five times more polluted than outdoors (U.S. Environmental Protection 
Agency, 1989). Consumer products cause indoor air pollution; chemicals used in 
manufacturing are constantly being off gassed and inhaled by building inhabitants. It is 
estimated that poor indoor air quality costs the United States 125 billion dollars annually 
for respiratory illnesses, allergies, asthma, sick building syndrome symptoms and lost 





Complicating the solution of these issues is a competing facet of sustainability, 
environmental impact. In order to improve indoor air quality, occupant health and 
productivity, additional energy must be consumed by HVAC systems to provide 
additional ventilation. With current technology, this is estimated to cost 70 billion dollars 
annually (Fisk, 2000). More energy efficient ventilation strategies are beginning to be 
developed, such as energy recovery ventilators but these can only cut the energy cost in 
half typically. Instead, the entire method of ventilation must be reexamined and possibly 
abandoned for new technology in filtration. 
1.2 Research Question 
Can botanical air filtration improve indoor air quality in energy-efficient 
residences while reducing the need for outside air ventilation? 
1.3 Scope 
The purpose of this study is to test the indoor air quality gains of a botanical air 
filter in an energy-efficient residence. Botanical air filtration is the process of using plants 
to filter air. More specific to this application, botanical air filtration was accomplished by 
passing air over a vertically standing soilless medium in an environmental chamber 
where the air properties are actively monitored and controlled. A large body of literature 
suggests that most plants have the ability to breakdown indoor air contaminants into their 
fundamental elements and use these elements to grow. In addition, plants through the 





  As previously stated the sustainability of the device was assessed in three 
major categories, the ability to promote the needs of people, prosperity and the planet. By 
improving indoor air quality, the device could make people healthier and more 
productive. By reducing energy consumption, the device reduces the consumption of 
natural resources from the planet. The value of these two facets could provide annual 
savings for an end-user, returning on their investment and making the device profitable.   
1.4 Significance 
By creating, optimizing and eventually commercializing a device that improves 
the sustainability of residences, the results can scale to making the world more 
sustainable. Contrary to popular belief, sustainability is not just about the planet. Instead, 
it also includes the effects the environment has on people and economic prosperity. As 
the climate worsens, people may reduce their outdoor exposure by moving to the indoor 
environment. However, the man made environment can pose health hazards due to the off 
gassing of chemicals in consumer products. Even in low concentrations, these chemicals 
are known to diminish productivity. The effects of poor indoor air quality are especially 
significant for those with the weakest immune systems, namely the young and old. 
Lifestyle habits of the elderly are also known to cause increased exposure.  
 The environmental side of the device’s impact on global sustainability is seen in 
its reduction of natural resource consumption. Currently these resources are being 
consumed at an increasing rate, with projections of hitting the maximum affordable 
consumption or “peak” of oil, phosphorous, water and other substances within the next 





also creates hazardous byproducts that are emitted to the atmosphere. By creating a 
sustainable technology and using it to make society more sustainable, many of these 
consequences could be lessened or avoided entirely. 
1.5 Definitions 
Biofilter – “[a bioreactor] where a contaminated air or water stream is actively passed 
through a region with high biological activity where the contaminants are 
neutralized by biological processes” (Soreanu, Dixon, & Darlington, 2013, p. 2) 
Botanical biofiltration – “a hybrid of biofiltration and phytoremediation” (Soreanu, 
Dixon, & Darlington, 2013, p. 2) 
Daily Light Integral (DLI)– “the amount of PAR received each day as a function of light 
intensity (instantaneous light: micromole/m^2/s) and duration (day)” (Torres & 
Lopez, 2010, p. 2) 
Energy Recovery Ventilator (ERV) – “a device that is used to bring fresh air into a sealed 
building for ventilation. The device routes both fresh air from outside and exhaust 
air from the building and exchanges the energy between the two streams to pre-
condition the incoming air” (Rodgers, 2012, p. 6) 
Photosynthetically Active Radiation (PAR) – “light with a wavelength between 400 to 
700 nm” (Torres & Lopez, 2010, p. 1) 
Phytoremediation – “[using plants] for cleaning large contaminated areas of soil and 
water in the outdoor environment, especially with heavy metals, fertilizers (nitrate, 






The assumptions associated with this project include: 
• Materials other than the Biowall within the environmental chamber did not react 
with indoor air pollutants. 
• Water provided through the municipality of West Lafayette was safe for plant 
growth. 
• The biofilter is intended for an airtight home with a significant portion of return 
air passing through it 
• Outside air is not a significant source of volatile airborne compounds. 
1.7 Limitations 
The limitations for this study include: 
• The accuracy and precision of sensors affected the confidence in their results. 
• Only one common volatile airborne compound (toluene) was monitored via air 
sampling. 
• Data was only gathered for two months and extrapolated to model energy savings 
for an entire year. 
• Plants were adequately acclimated to the environmental conditions beforehand. 
• The environmental chamber and its corresponding HVAC system accurately 
modeled an energy-efficient home. 
• Air was evenly mixed within the environmental chamber. 
• The majority of lighting was provided by LED grow lights, except for occasional 






The delimitations for this study include: 
• The assumed effects of plant function and microbiological activity were 
investigated but not fully explained. 
• Other applications of the Biowall in the industrial, commercial and transportation 
sectors were not investigated; however, the results might be scalable to these 
sectors. 
1.9 Summary 
This chapter introduced the thesis topic and background material motivating its 
investigation. It included defining the research question, stating the problem’s 
significance and assumptions made to better scope the study. In the following chapter, 





CHAPTER 2.  LITERATURE REVIEW 
This chapter reviews literature relevant to the conducted study in an attempt to 
motivate the research question previously discussed. It takes a closer look at literature 
discussing problems in indoor air quality, discuss the history of botanical air filtration 
internationally and in the United States, demonstrate modern developments in botanical 
air filtration, and conclude by identifying opportunities for further research. 
2.1 Problems in Indoor Air Quality 
Indoor air quality has traditionally been an issue in the United States that has far-
reaching consequences but receives little attention due to the average person’s lack of 
knowledge on the subject. According to a report made to Congress by the EPA, the 
average American spends 93% of their time indoors, 2% of their time outside and 5% of 
their time in transit between the two (U.S. Environmental Protection Agency, 1989). 
Since the indoor environment is where most Americans spend the majority of their lives, 
these figures have motivated researchers to further their knowledge in this area. 
Further adding to this issue is the increasingly hazardous nature of the 
environment where people typically spend their time. The EPA sponsored a study of total 
exposure assessment methodology (TEAM) within indoor environments and found 
hazardous chemicals more prevalent in seven out of eight indoor locations when 





maintains that the indoor environment is two to five times more polluted than the outside 
environment and can sometimes reach up to 100 times more polluted than the outside. It 
is the synthetic materials used to build the indoor environment that are filled with the 
chemicals that are released in to the air (Wallace, 1987). 
These studies in the 1980s showed that people spend the majority of their time in 
poor indoor environments, but over 10 years passed before any study was done to 
consider the magnitude of the problem. William Fisk, a researcher at Lawrence Berkley 
National Labs wanted to know how the indoor environment could affect health and 
productivity. He reviewed the literature concerning workplace sickness and productivity, 
as well as the effects of common indoor chemicals on the human body, aggregated the 
data, quantified its impacts, and extrapolated it to the national level. He also considered 
the energy costs associated with benefits of improving indoor air quality on the national 
level (Fisk, 2000). 
 The results of his study were the first to show the magnitude of the problem of 
indoor air quality in the United States. Beyond finding a correlation between poor indoor 
air quality and adverse health effects, he found by improving indoor air quality the 
United States could save 40-200 billion dollars annually from reduced respiratory illness, 
reduced allergies and asthma, reduced sick building syndrome symptoms (irritations of 
the eyes and skin, odors, etc.) and improved worker performance. He claimed the United 
States already has the technology to make this change and the energy costs to do so 
would be 70 billion dollars. He hoped his findings would help motivate policy makers to 
more strongly consider improving the indoor environment and consider its link with 





 As previously stated, part of the problem is most Americans do not think much 
about the air quality within their indoor environment. Certain at-risk groups, however, are 
particularly vulnerable. Specifically, the young and the old are at greater risk because 
they have weaker immune systems. A study was conducted in France on a retirement 
community to consider how the lifestyles of the elderly affect their exposure to indoor 
chemicals. Ninety-six subjects were surveyed for their daily habits as well as health 
complaints for each patient (Coelho, Steers, Lutzler, & Schriver-Mazzuoli, 2005). 
 Not surprisingly, the results of the study showed a significant correlation (P < 
0.05) between poor health and lifestyles that exposed participants to hazardous chemicals. 
Some of these specific lifestyles included living in a dwelling with fitted carpets, 
maintaining the dwelling poorly, staying in the kitchen for prolonged periods of time and, 
most ironically, using too many cleaning products (P = 0.103). To further validate the 
study the researchers planned to quantify chemical exposures in different areas and 
further relate it to participant health (Coelho, Steers, Lutzler, & Schriver-Mazzuoli, 2005). 
 One solution to the problem of indoor air quality introduced here and discussed 
more in depth for the remainder of the chapter is the use of biofiltration. Before going 
into the history and technical advancements of this solution, it is important to consider 
some of its qualitative aspects as they fundamentally relate to indoor air quality. 
Dr. Alan Darlington of the University of Guelph conducted one study examining 
the qualitative aspects of installing a biofilter into an existing building. To accomplish 
this he surveyed participants before the system was installed, after it was installed but 
before it was activated, and after the system was activated. His surveys were completed 






health, productivity. While taking surveys for employee perception of the system, he also 
gathered actual data on changes in indoor air quality and compared the two (Darlington, 
2004). 
 His results supported that biofiltration can improve conditions for both the 
employee and the company. It was found the biofilter caused employees to perceive the 
air as cleaner, while not adding any additional allergenic spores to the zone and reduced 
the amount of volatile organic compounds (VOCs) considerably. He also quantified the 
peak energy demand reduction by using his system as opposed to a traditional ventilation 
strategy of diluting indoor chemicals through the constant introduction of energy-
consuming outsider air. The potential of these systems to make buildings more 
sustainable is discussed in later sections (Darlington, 2004). 
2.2 Origins of Biofiltration 
 Although receiving more attention recently, the concept of sustainability really 
began when humans first considered traveling to space. The fundamental issue that 
scientists questioned was how to create a closed system that could be self-sufficient 
indefinitely in deep-space missions. Little did they know that by addressing this concern 
they were beginning to solve a global problem that exists today; supporting life without 
the net consumption of natural resources. 
 Russian scientist Konstain Tsiolkovsky who imagined bioregenerative life support 
systems for space travel first considered the theoretical solution in the early 20th century. 
Vladimir Vernadsky who theorized mimicking the systems of earth’s biosphere to obtain 






dynamic that would constantly exist between biosystems (such as plants) and the space 
traveler. The two are often credited by Russian scientists as the fathers of space travel 
(Salisbury, Gitelson, & Lisovsky, 1997). 
 It was not until the 1950s that experimental data were gathered to test these 
theories. It began with Clare Folsome creating small, closed ecosystems in flasks that 
functioned effectively until their research ended in the 1980s. In the 1960s two scientists, 
Yevgeny Ta. Shepelev and Gana I. Meleshko, at the Institute of Aerospace Medicine 
began studying the exchange of resources between humans and Chlorella, obtaining a 
sealed system for about a year (Salisbury, Gitelson, & Lisovsky, 1997). 
However, the first major breakthrough in bioregenerative life support systems 
came with the construction of BIOS – 1 in 1965. It was quickly realized that higher plants 
were required for their ability to filter air and when chambers were added to 
accommodate these plants the project moved to BIOS – 2 in 1968. After some 
preliminary analysis, opportunities were found to better recycle mass within the system, 
specifically water and the project moved to BIOS – 3 in 1972. BIOS – 3 housed humans 
with minimal outside input for over a year and is still conducting research. Since its 
construction, the NASA program has also begun doing work in bioregenerative systems 
in projects like Bio-Plex, Biosphere 1 and Biosphere 2 (Salisbury, Gitelson, & Lisovsky, 
1997). 
2.3 NASA Research Background 
 With NASA becoming more involved in closed-system deep space flight research, 






air toxins was required. Bill Wolverton, a NASA research scientist is credited as being 
one of the first to document findings in this field. In the 1980s, he published his first 
article studying the ability of foliage plants to remove formaldehyde (a common and 
hazardous indoor chemical) and how it relates to both space stations and energy-efficient 
homes (Wolverton & McDonald, 1982). 
In this study, his procedure called for three plant species, Golden Pothos 
(Epipremnum aureum, syn. Scindapsus aureus), Nephthytis (Syngonium podophyllum), 
and Sweet Potato (Ipomoea batatas), as well as a control and soil filled pot. He 
introduced a known amount of formaldehyde into their separate chambers via a gas 
scrubbing apparatus and monitored its decay every eight hours over a 24 hour period 
using disposable cartridges. His chambers featured two potted plants each, which had 
previously been acclimated to the environment, 325 foot-candles of luminance, a coil to 
regulate temperature and a fan to actively draw air across the plants.  Within the study, he 
measured the chemical concentration, plant growth, temperature and humidity 
(Wolverton & McDonald, 1982). 
The results of his study were among the first to quantify formaldehyde removal 
rates of plants. Based on his control treatment, it was verified the chambers were indeed 
air tight as formaldehyde quantities did not decrease significantly over time. The soil by 
itself removed some formaldehyde, while sweet potato removed 50% less than Golden 
Pothos and Nephthytis which removed 3.5 kg of formaldehyde over 24 hours. Dr. 
Wolverton concluded these plants could be used in space stations or energy efficient 






of additional carbon dioxide for photosynthesis in the experiment (Wolverton & 
McDonald, 1982). 
After realizing the impacts of his work, Wolverton continued his research of 
plants’ capacity to remove VOCs and expanded the scale to include more species and 
more chemicals. In 1993, he published an article showing 30 different plant species 
ability to reduce three specific chemicals, formaldehyde, ammonia and xylene. Using a 
similar approach, this time sampling with an air pump to a number of chemical impingers, 
he found microorganisms in both the plant leaves and soil to be breaking down the 
hazardous compounds for the plants to use. He also noted that gram-positive bacteria was 
more effective at this function than gram-negative bacteria. He recognized that part of the 
differentiation between plant species’ ability to remove toxins might also have to do with 
their transpiration rate, or the amount of moisture the plant transpires to the air. He would 
later expand the scale of his work again to write a book on 50 plant species’ ability to 
remove air toxins (Wolverton & Wolverton, 1993). 
2.4 Modern Developments 
 The work of Bill Wolverton for NASA inspired a number of other scientists to 
begin research in to the field of botanical air filtration and helped set the stage for modern 
research. One such scientist, Thad Godish decided to take a closer look at Wolverton’s 
conclusions regarding the spider plant and test them under dynamic laboratory conditions. 
He changed the amount of foliage on each plant from full, to half, to none, with a control 
experiment and replicates of each condition. Formaldehyde was monitored over more 






chemical detector. The experiment was designed similar to Wolverton’s with Plexiglas 
chambers featuring 100 foot-candles of light and standard room conditions, except for an 
abnormal level of relative humidity (65-85%) (Godish & Guindon, 1989). 
 His results confirmed and debunked some of the theories presented by Wolverton. 
His findings did agree that the spider plant could remove formaldehyde but he found that 
instead the root-zone housed microorganisms that break down the formaldehyde (P < 
0.05). This was supported by observing the plants without foliage actually doing better at 
removing VOCs than those that still had their foliage. These results would lead to further 
questioning about the role of microorganisms in botanical air filtration (Godish & 
Guindon, 1989). 
 This controversy has clearly continued for some time as an article was published 
in Korea within the last five years discussing the role of aerial plant parts versus the root 
zone in removing formaldehyde. The procedure called for two common plant species in 
Korea, Fatsia japonica and Ficus benjamina, to be put under three conditions: the full 
plant, just the plant’s stem and leaves, and the plant without any stem or leaves. Three 
identical tests were run for each species and condition, with a gas injector providing 
formaldehyde and samples being taken once every five hours. A control experiment was 
done to test the air seal and plants were acclimated to the environmental conditions for a 
month before data collection began (20 degrees Celsius, 30% Relative Humidity, 20 
micromoles/m^2/s, 12 hour photoperiod). Plant size was monitored at the beginning and 
the end of the experiment (Kim, Kil, Song, Yoo, Son, & Kays, 2008). 
 The ability of foliage plants to remove formaldehyde was once again verified by 






Godish, indicating 90% was accomplished in the root zone while 10% was accomplished 
in the foliage. It was also noted that the root zone became eleven times more active at 
night in breaking down the air pollutants and it was mostly microorganisms 
accomplishing the removal, not the growing medium itself. With the current data it seems 
microorganisms in the root-zone can now be identified as the primary cause of botanical 
air filtration. Thus further studying its parameters may allow for greater removal 
efficiency (Kim, Kil, Song, Yoo, Son, & Kays, 2008). 
 As previously discussed, air pollution is a growing problem internationally with 
Beijing having record setting air pollution and New Delhi also having problems with 
outdoor air quality. One entrepreneur by the name of Kamal Meattle attempted a solution 
of this problem retrofitting his Paharpur Business Centre in New Delhi with a clean air 
station. This station scrubbed the incoming outside air, passed it over a series of plants 
and then a series of more traditional HVAC filters. The Central Pollution Control Board 
of India conducted a survey of air quality and health in India and featured the business 
center in their study. Ninety-four subjects working at the center were enrolled, filling out 
questionnaires about health as well as having their lung capacity tested via spirometer 
(Central Pollution Control Board, 2008). 
 The results of the test showed promise in improving the quality of life for people 
by using potted plants to clean air. Common human symptoms from sick building 
syndrome such as headaches or eye irritation were significantly less in the business center 
when compared to the rest of New Delhi. More importantly, lung function was improved 
by working in the building eight to ten hours per day and rates of hypertension were also 






 Another study mentioned earlier was that of Alan Darlington, which briefly 
mentions the effects of botanical air filtration on aerial spore counts. Biofiltration’s effect 
on fungal and bacteria spores is a more contemporary topic that has received more 
attention lately. The work of installing the biofilter in to an existing infrastructure is a 
continuation of a study completed by Darlington discussing some of the more technical 
sides to biofiltration. In this study, the fundamental question is whether a biofilter can 
improve indoor air quality when compared to traditional ventilation methods. Using more 
modern technology such as a Two-Stage Anderson sampler for spore counts and a 
VARIAN 3400 gas chromatograph for total VOC counts, the effects on indoor air quality 
were studied over a two year period. Formaldehyde was specifically monitored over a 
three week period, with 11-17 8-hour samples taken in three control rooms and the 
biofiltration system. The system itself was quite large, featuring a bioscrubber covered in 
moss, a series of hydroponic and epiphytic plantings and an aquarium filled with aquatic 
plants. The system was incorporated as a by-pass into a traditional air handling system 
which was monitored by an extensive control system (Darlington, Chan, Malloch, Pilger, 
& Dixon, 2000). 
 Formaldehyde reduction was once again verified, this time to a very high 
confidence, with 0.1% chance of the data being due to error. The results regarding total 
VOCs were not quite as convincing but still conclusive that a reduction was created by 
the biofilter (P < 0.11). Most importantly though, it was found that spore counts did 
increase due to the biofiltration system but the amount added was not above 






used by office workers and could possibly be a source of error (Darlington, Chan, 
Malloch, Pilger, & Dixon, 2000). 
 Most recently, an article was published in the summer of 2013 describing a 
general overview of developments in botanical air filtration over the past 10 years. Many 
of the cited references are similar to this review of literature but one area it discusses 
much more in depth is plant physiology, pathways and biochemical mechanisms. Often, 
plants are treated as a “black box” in indoor air quality studies but many articles exist 
discussing what goes on inside the plant (Soreanu, Dixon, & Darlington, 2013). 
 The article distinguishes between two types of pollutants that drastically effect 
removal characteristics; volatile organic compounds (VOCs) and volatile inorganic 
compounds (ICs). For VOCs five mechanisms govern the breakdown of compounds into 
plant nutrients, they include rhizosphere biodegradation, phytoextraction, stomatal uptake, 
phytodegradation and phytovolatilisation. An example of this can be found with the 
reaction scheme for formaldehyde below. 
 
Figure 2.1 Formaldehyde Reduction Reaction Scheme 
 
Although less is known on the subject, plants also have the ability to break down 
inorganic compounds into nutrients. An example of the reaction scheme for nitrous 







Figure 2.2 Nitrous Oxide Reduction Reaction Scheme 
 
In both cases, it is shown the plants can take a pollutant that is hazardous to 
human  health or the environment and break it down in such a way that it causes the plant 
to prosper. It has even been found that plants with certain nutrient deficiencies can 
recover by introducing airborne compounds that contain the nutrients they lack (Soreanu, 
Dixon, & Darlington, 2013). 
2.5 Gaseous Filter Analysis 
One of the most recent developments in botanical air filtration was conducted two 
years ago and was the first to quantify potential energy savings in the commercial sector. 
Two researchers, Wang and Zhang of Syracuse, NY, attempted to observe both the short 
and long-term ability of a botanical air filtration system to clean indoor air. Being a more 
recent study, the team had access to more sophisticated instrumentation such as a 
photoacoustic multi-gas monitor to continuously monitor different air pollutant levels 
throughout the experiment. The experiment was two-part, first in a laboratory setting and 
then in a field setting. Chemicals were introduced into both systems using natural indoor 
conditions and extra particle board, with the first part monitoring the decay over four 
days and the second part over ten months. In the first part the filter was subject to six 
different airflow rates and two different moisture levels. The filter was incorporated into 






and 5% outside air conditions. The filtration system featured eight plantings of Golden 
Pothos with shale pebble media, monitored by moisture sensors controlling spray 
irrigation and an axially flowing fan pulling air across the system (Wang & Zhang, 2011). 
 The results showed the ability of a botanical air filtration system to meet a real-
world application and reduce indoor air pollutants. Beyond confirming VOCs being 
absorbed by microbes in the plant soil, the study also showed the air quality of the 25% 
outside air system without the filter was the same as the 5% system with the filter. In 
other words, the filtration system could save 20% on outside air requirements in office 
buildings, which could lead to a 10-15% energy savings in Syracuse, NY. However, the 
filter water content increased the removal rate of formaldehyde, suggesting some was 
absorbed in to the water (Wang & Zhang, 2011). 
 One of the most important aspects of the Syracuse study was its relating botanical 
filtration capacity to energy reductions. This was primarily accomplished through what is 
known as a clean air delivery rate (CADR), which conceptually is the outside air 
ventilation rate offset created by a gaseous air filter. The CADR metric was actually first 
established by the Association of Home Appliance Manufacturers in 2006 to test the 
performance of portable room air cleaners. It has since become certified as a standard 
through the American National Standards Institute and is used in many gaseous filter 
analysis procedures (AHAM, 2006). 
 One specific instance where the CADR was used is for “pull-down” type testing 
in sealed chambers. Also published in 2006, a report was written by the National Center 
for Energy Management and Building Technologies detailed how to calculate clean air 






amount of air contaminant without the filter activated and then turning the filter on to 
begin filtering the introduced contaminant. From there the concentration of contaminant 
decays over time and its exponential decay curve can be characterized by an exponential 
decay constant, which is the opposite reciprocal of the time constant. The CADR uses the 
time constants of two tests, with and without the filter present, as well as the chamber 
volume. It can be expressed by the following equation: 
               (Eq. 1) 
Where V is the volume of the chamber, kf is the exponential decay rate with the filter and 
knf is the exponential decay rate without the filter. The metric of clean air delivery rate 
can also be related to single pass efficiency to determine immediate effects of a filter on 
an air-stream. Although the first to apply it to energy savings from a botanical air filter, 
the Syracuse article borrowed heavily from this filter analysis approach (NCEMBT, 
2006). 
 Although it does not evaluate gaseous air cleaners based on CADR, another 
standard worth reviewing is the American Society of Heating Refrigeration and Air 
Conditioning Engineers (ASHRAE) Standard 145. Titled, “Laboratory Test Method for 
Assessing the Performance of Gas-Phase Air Cleaning Systems,” it evaluates filters 
primarily based on the single pass efficiency of reducing contaminants in a ducted air 
stream. The standard is also more specific about exactly how each part of the test must be 
conducted and provides useful background information on what the appropriate 
concentration levels for testing should be (ASHRAE, 2011). 
The National Institute of Standards and Technology has also used the “pull-down” 






analyzing cleaner performance in the field, they evaluated two different carbon activated 
filters by boiling a known amount of decane and then monitoring its decay in a residence 
using a gas chromatograph equipped with a flame ionization detector. The generation and 
decay portions of their experiment are shown in Figure 2.3 below. 
 
Figure 2.3 “Pull-down” test method 
 
 They found that they could accurately assess the performance of the cleaners 
using CADR methodology and it also helped determine other variables that were 
affecting the filtration capacity. This study is especially relevant to the research 
conducted by Purdue as it monitors VOCs in a residential setting (Howard-Reed, 
Nabinger, & Emmerich, 2008). 
2.6 Purdue Involvement 
 In 2011, Purdue University competed in the DOE sponsored Solar Decathlon 






innovative aspect of their housing design was envisioned by the project manager, Kevin 
Rodgers, who created a wall of plants incorporated into the ductwork of the house. He 
called the device a Biowall and as far as the literature suggests it is the only vertical 
botanical air filtration system that was integrated into the HVAC system of an energy-
efficient residence (Rodgers, 2012). 
 The Biowall created by Rodgers was more a proof of concept, as he was only able 
to gather one week’s worth of data due to time constraints with the competition. The data 
was gathered by continuous monitoring before and after the Biowall using commercial 
grade HVAC sensors. The results indicated a reduction in VOCs and CO2, indicating the 
device was accomplishing its purpose of improving indoor air quality. They also showed 
a decrease in the temperature and increase in the relative humidity, indicating the Biowall 
acted similar to an evaporative cooler in an HVAC system (Rodgers, Handy, & Hutzel, 
2013). 
 The next iteration of the Biowall prototyping process was handled by Brent 
Dunham, a graduate student also at Purdue. The second prototype addressed some of the 
issues with the first and was able to gather more data for analysis. Similar to the first, the 
fundamental question of Dunham’s study pertained to the effects of botanical air filtration 
on indoor air quality and energy consumption in an energy efficient residence. For a 
controlled baseline, the house was monitored for one month without the Biowall and then 
one month with the Biowall. During this time, four different operating conditions were 
used including the modulation of the ERV and ducted dehumidifier (Dunham, 2013). 
 At first, the results of Dunham’s study were disappointing to the research team 






energy balance with the ducted dehumidifier installed in the system it appeared the 
Biowall created a large latent load and greatly increased the net energy consumption. 
However, after further investigation the research team realized the ducted dehumidifier 
could be removed, causing the Biowall system to use about the same energy as the ERV 
system. The Biowall also featured a pump in its design that recirculated water to the 
plants; this component could also be removed since residential water line pressure could 
accomplish the same thing (Dunham, 2013). 
 With the removal of these two components Dunham found the Biowall could save 
25 percent more energy compared to the leading energy efficient technology, ERV. 
Dunham was also able to use his data to model the decay of carbon dioxide in the zone, 
developing an exponential decay equation that had a coefficient of determination of 0.883. 
Finally, in analyzing the system he created a thermodynamic model of the house that 
could come reasonably close to predicting its behavior under varying environmental 
conditions (Dunham, 2013). 
Although Dunham had begun to quantify the effects of the Biowall, his data were 
hardly conclusive. The irrigation system for watering the plants needed improvement and 
the project needed a better understanding of horticulture. In addition, the data were 
gathered using commercial HVAC sensors in an uncontrolled environment. To gather 
scientifically significant data a more controlled experimental methodology would need to 






2.7 Moving Forward 
One area of concern after the completion of Dunham’s work was the lighting 
system for the plants. It was known that the plants previously used (Heartleaf 
Philodendron and Golden Pothos) were shade loving and the system provided an average 
100 foot-candles of light to them over a photoperiod that lasted from an hour before 
sunrise to an hour after sunset. However, after more research was done on the topic 
investigators realized this was the wrong approach to quantifying the light provided. 
 Instead of using foot-candles and hours, it was found the standard horticultural 
practice is to study the photosynthetically usable quantum flux density, or number of 
photons hitting the surface per unit area and time within the spectral range of 400-700nm. 
This unit, often expressed in micromoles/m
2
/s, can better represent the amount of 
photosynthetically active radiation (PAR) provided to the plant. Since the PAR is an 
instantaneous light density, what’s more important to studying plant growth is the 
cumulative amount of light energy received by the plant, or daily light integral (DLI) 
which quantifies the PAR multiplied by the number of hours the plants are illuminated 
per day (Thimijan & Heins, 1983). 
Adjusting for the new unit of measurement, it was found previous Biowall 
systems at Purdue provided a daily light integral of approximately one mole/m
2
/day. One 
researcher at Purdue, Roberto Lopez studies the effects of supplemental lighting in 
greenhouses and tracks the lighting requirements for quality growth. Based on an article 
he published for Purdue Extension, it is recommended that low light plants (like 






the previous system was providing less than one third the light required for quality plant 
growth (Torres & Lopez, 2010). 
 Moving forward, a new lighting system was developed for the Biowall as well, 
meeting the previously described requirements as energy efficiently as possible. A recent 
article was published in the journal HortTechnology by Purdue researchers that discussed 
the most energy efficient and effective sources of lighting for tomato growth. In this 
study, plants with no supplemental lighting were compared against those with high-
pressure sodium (HPS) supplemental lighting technology and those with light emitting 
diode (LED) supplemental lighting. Each category had two half-row segments set aside 
in the Horticulture Greenhouse on Purdue’s campus, with five trays per segment with 17 
cells growing tomato seedlings. Using quantum meters and data loggers, they recorded 
the light intensity at the crop and the energy consumption from supplemental lighting, as 
well as manually monitoring various metrics related to production. 
 After five months of growing time in the system, the group was ready to finish 
harvesting crops and analyze the results. As the literature suggested, using LED 
supplemental lighting increased yields and was a more energy-efficient solution than 
HPS, since it created more crop mass per unit energy input. The reason for this is LEDs 
can provide specific colors of light with each diode that can match the needs of the plant. 
For example, most foliage plants are green so providing them any light in the green 
spectra is a waste of energy since it reflects off the surface instead of being absorbed. 
Although this study focused on tomatoes, its conclusions regarding light source could be 






 Moving beyond typical engineering improvements like those in the lighting and 
watering system, one other improvement could be made to the Biowall system at a more 
fundamental level. As plants grow on the surface of the filter some may need trimming 
while others might die and fall off. This is a source of waste as the trimmings and dead 
plant leaves are then discarded without opportunity for reuse. However if these plants had 
a secondary purpose, such as one that is medicinal or culinary, they could be reused by 
the homeowner. 
 By having the Biowall double as both an air filter and a vertical garden, 
homeowners could produce crops at home instead of purchasing globally produced crops, 
thus saving on the carbon footprint of transportation. One study conducted by Iowa State 
University’s Leopold Research Center investigated the carbon footprint associated with 
locally grown food versus globally produced food. By creating a weighted average source 
distribution profile the team of researchers could identify locations that crops are 
typically produced and get an average distance those crops travel to their point of 
consumption (in this case assumed as Ames, IA). From traveling distance, the team 
analyzed how the crops were being transported and what the fuel efficiency of the vehicle 
transporting them was (Pirog, Van Pelt, Enshayan, & Cook, 2001). 
 The results followed the team’s hypothesis that local food production had a lower 
carbon footprint than global production. More specifically, they found that regional 
productions’ carbon emissions were five to 17 times lower than global productions. 
However, it was also found that small-scale farming could sometimes have a greater 
carbon footprint than regional production due to transportation inefficiencies. The carbon 






that food moved directly from point of production to point of use, which typically is not 
the case in most distribution systems (Pirog, Van Pelt, Enshayan, & Cook, 2001). 
 One major criticism of this secondary purpose for the Biowall has to do with food 
safety. It was a concern that by using the Biowall to filter and absorb toxins such as 
formaldehyde, benzene and others from the air, some of these toxins might 
bioaccumulate within the filtering plants. However, as suggested by the literature, the 
microorganisms within the plants root zone break down the harmful compounds into their 
fundamental elements and actually benefit the plant using these elements as nutrients. 
Looking back at the first studies with Bill Wolverton and sweet potatoes, it can be seen 
that this concept was envisioned for deep space flight as well (Wolverton & McDonald, 
1982). 
2.8 Chapter Summary 
In this chapter, the literature motivating the research topic of botanical air 
filtrations’ effects on sustainability in an energy efficient residence were explored. 
Background information on indoor air quality, the history of botanical air filtration, 
present developments within the field, and possible future developments have been 






CHAPTER 3. METHODOLOGY 
With the scope of the study established and background literature on the subject 
reviewed, the next chapter discusses the methodology behind the study. The goal of this 
study is to address if a botanical air filtration can improve the indoor air quality of an 
energy-efficient residence and if so, by how much. A statement of work is provided in 
Appendix A for greater specificity on the timeline and tasks to be completed for the 
research. 
Before testing the device, a new Biowall was designed and fabricated with 
consideration from previous prototypes. From there the static and dynamic variables of 
the study were identified as well as how data would be collected and analyzed. The 
monitoring system was also checked for any accuracy or precision errors and threats to 
the validity of the study were addressed. 
3.1 Apparatus Design 
 Before beginning the actual experiment, the Biowall device was designed such 
that it could allow plants to flourish while accomplishing the task of filtration. Figure 3.1 
shows the majority of the components of the device. The primary considerations were 
making sure the plants received enough light, water and nutrients to grow, as well as an 
appropriate medium for growth. Beyond this, the filter needed to be vertically mounted 







Figure 3.1 Biowall Apparatus Components 
 
 As the only direct energy input for the device, creating a system that provided 
adequate lighting for plants to flourish but not waste energy was critical. It was decided 
to use one of the most energy-efficient lighting sources currently available on the market 
for plants, LED grow lights, as shown in Figure 3.1. Beyond the efficiency of emerging 
LED technology, these lights were even more efficient by providing only red and blue 
light wavelengths. For the process of photosynthesis, plants mostly use these two spectra, 
so using energy to create the green wavelength in white light is wasteful. Normally red 
and blue LED lights give plants an unnatural purplish hue, so the blue lights were coated 
white for a more natural aesthetic. Combined the lights drew 60 watts of power and were 
on for 16 hours per day, consuming about one kilowatt-hour per day in energy. However, 
this input yielded four moles of photons per square meter per day for the plants; plenty of 






 One significant problem with earlier Biowall prototypes was creating a watering 
system that evenly moistens the filter for plant growth. Other systems have included top-
down and weeper hose closed-loop watering where water collects in a basin and a pump 
recirculates the water. It was found these systems did not evenly moisten the filter, 
clogged due to bacterial build-up in the basin and wasted energy due to pumping. Figure 
3.1’s Cross Section View shows an array of spray irrigation nozzles was used to evenly 
coat the filter media. This system also used the line pressure of the piping within the 
environmental chamber to operate, eliminating the need for a pump and saving energy. 
The only drawback of this approach was any water not collected on the filter went 
directly to sewage using a condensate pump controlled by a float valve. This pump 
consumed approximately 80 watts of power when on but turned on for less than a minute 
every hour. 24 nozzles were cycled on for 72 seconds every 2 hours, consuming around 
nine gallons per day in water. In order to provide nutrients to the plants a siphoning 
device was placed in the main water line to pull nutrient concentrates out a large 
container and dilute it with the water going through the line to the plants. The large 
container’s concentrated solution was mixed with 24-8-16 water soluble fertilizer applied 
at a rate of 2 tablespoons every 2 weeks.  
 The mechanical system described here features three components, the trellis, 
growing medium and plenum as shown in Figure 3.1. To begin, a 12 module, 62”x22” 
trellis was developed to allow experimentation in different combinations of growth media 
and plant species. The trellis was constructed out of aluminum angle and c-channel for 
the frame and flat aluminum was used to press the growth pads in place, secured by many 






used for the experiment, one a washable furnace filter (Web Eco Filter Plus) and the other 
a horticultural fabric (Florafelt). These fabrics were cut into approximately 10” square 
sections and mounted to the trellis frame using the flat aluminum and fasteners. The 
trellis was suspended inside the plenum by an all-thread rod with oversized washers and 
nuts on the rod. This rod was then attached to the trellis using a series of eyebolts. The 
irrigation system was also attached to the trellis in a similar manner using large eyebolts. 
The plenum was constructed of stainless steel and measured 63”x23”x23”. It also stood 
on approximately 6” legs with load levelers, to provide clearance for its drain basin and 
the condensate pump. One other feature of the plenum was a track cut into the top part of 
the box, which allowed the filter to be moved forward and backward easily. 
 Being a botanical air filter, a number of plant species were grown within the 
different growing media. Plants were purchased at a local greenhouse and in some cases 
were given time to acclimate to the lab setting. Plants were then removed from the pot, 
with soil knocked and washed off, to be transported into the fabric. Each Biowall 
growing medium fabric unit was cut to make a pocket shape and the plant roots were 
placed within the pocket. In some cases, a loose growing substrate (Rockwool by Grodan) 
was placed in the pocket as well to help maintain even moisture in the roots. The majority 
of plants were acclimated to the Biowall environment for two months before testing, with 
occasional instances of plants dying off and being replaced. During testing, three 
cultivars of sedum (Sedum spurium ‘Red Capet’, spurium ‘Tricolor’ and kamschaticum 
‘Ellacombianum’), spider plant (Chlorophytum comosum), golden pothos (Epipremnum 
aureum), two cultivars of ivy (Hedera helix ‘Greendell’ and ‘Golden Ingot’) and 






during the project had at least some background information on their ability to filter air. 
The specific species were chosen for their hardiness, ability to live under low-light 
conditions and ability to grow with little water. 
The botanical air filter also needed to simulate a 100 percent recirculating 
residential air system. This was accomplished by having two six inch round duct outlets 
on the backside of the plenum, routing both outlets together using a tee junction and 
attaching that junction to a blower using flexible duct. The end result was air would be 
pulled from the ambient environment, across the filter, through the ducting and would be 
discharged back in to the ambient environment with the blower. The blower was set to a 
timer and cycled on for a half hour every hour to simulate a residential HVAC system. 
This cycle corresponded with the irrigation cycle such that when the spray system was on 
the blower was also on. This was done so that the moisture from the spray could be better 
pulled in to the growth media. When on, the blower consumed approximately 100 watts 
of power and was rated at 136 cfm with free air. 
More details on how the apparatus was assembled can be found in Appendix D, 
while more details on technical specifications for each component can be found in 
Appendix E. 
3.2 Experimental Design 
Beyond the Biowall itself, other components existed in the experimental setup that 
influenced the results of the study. This section covers those components, which 






servicing the environmental chamber and the instrumentation used to monitor the 
experiment. 
3.2.1 Environmental Chamber 
Figure 3.2 shows the layout of the sealed environmental chamber during testing. 
To simulate a well-sealed energy efficient residence, this chamber was also sealed by 
investigating any potential sources of air leakage and sealing with VOC free caulk. 
Furthermore, the door to the chamber remained closed during testing to reduce air 
leakage as well as eliminate any human contact with the experiment during testing. The 
chamber was approximately 13’x8’x7’, yielding an overall volume of close to 800 cubic 
feet. The environmental chamber had electrical outlets as well as a hard water supply line. 
Apart from the previously described Biowall apparatus, some furniture for limited supply 








Figure 3.2 Environmental Chamber Test Set-Up 
 
3.2.2 Hydronic System 
An external hydronic system serviced the environmental chamber for some of the 
tests conducted. This system would use a boiler or chiller to create hot or cold water, and 
then recirculate the water within the four fin-tube heat exchangers within the chamber. 
This helped cool the chamber to offset some of the latent and sensible heat loads created 
by the Biowall and electric devices. By reducing the heat gain within the chamber, 







3.2.3 Data Sources 
Data were collected through a number of different methods during both the design 
and testing of the experiment, including commercial HVAC sensors, an air quality 
monitoring device, manual air sampling chips and air capturing canisters. The 
commercial HVAC sensors were wired in to a data acquisition system and programmed 
to sample approximately once every 3 minutes. Different types of sensors included 
temperature, humidity, CO2 and TVOC located both inside and outside the chamber on 
tripod mounting stands. Although these sensors could provide a large amount of data for 
a low cost, the data was ultimately low quality and therefore less relevant to the results. 
The primary source of data acquisition for the research was a portable indoor 
environmental quality monitoring unit (Aircuity Optima). This device provided 
continuous monitoring, sampled once per minute of large particles (PM-10), small 
particles (PM-2.5), TVOCs, temperature, humidity and CO2. The particle sensors were 
used to test whether the Biowall creates spores or pollen in the air, while the TVOC 
sensor was crucial to gathering enough samples for analyzing statistical significance. 
Normally these devices can be very expensive to rent (hundreds of dollars per week) but 
are known to provide high quality data. Although the TVOC sensor monitored all VOCs 
present and not toluene specifically, other forms of data acquisition were used to cross-
check the sensor for the presence of other VOCs. 
To test toluene specifically in real-time a portable gas detection system (Draeger 
CMS) was used. This device would pull an air sample from inside the chamber through a 
hose, into the unit, through one of ten test vials and then monitor its reaction with a 






monitoring, each sample with this unit took approximately five minutes to complete and 
required manual operation. Since a given chip cost approximately $150, each sample cost 
about $15, making this an expensive and time consuming but ultimately necessary option 
to monitor toluene specifically. 
The final source for data generation was analysis services provided by Galson 
Laboratories. This company provides industrial hygiene analysis and is accredited by the 
American Industrial Hygiene Association. To utilize their services an air capturing device 
(canister or badge) was exposed to the chamber and would gather air samples until the 
end of the test period where it would be resealed. From there, the sample would be sent to 
the company’s laboratory and would be tested using gas chromatography-mass 
spectrometry according to OSHA method PV2120. This was done twice, once with a 24 
hour average sample testing for over 60 common VOCs (using a canister) and a second 
time with an 8 hour average sample of toluene specifically (using a badge). The first 
sample was gathered as a VOC baseline with the Biowall in the chamber, whereas the 
second sample was used while the standard test procedure was being conducted, as a 
check to the Draeger system. This data collection source also required manual operation 
and was costly but provided accurate results on the presence of toluene and other 
substances in the chamber. 
More details on technical specifications for the instruments used during 






3.3 Experimental Protocol 
With the experimental setup in place for the Biowall, the next step was to design an 
experiment that would test the research question. Testing would require a set procedure to 
be followed and an idea of what needed to be changed and how it affected the overall 
validity of the experiment. 
3.3.1 Test Procedure 
A “pull-down” test procedure was used for this experiment, where a contaminant 
was introduced in to the sealed chamber and its decay was monitored. The first step with 
each test was to open the door to the environmental chamber so that it could reach 
equilibrium with the surrounding lab environment. Once equilibrium was achieved, the 
door was closed and background monitoring began for changes in temperature and 
relative humidity. A baseline sample was taken using the Draeger CMS system, as well 
as manually recording the TVOC and particulate values shown on the Optima unit’s 
display. The Optima values would later be provided by Aircuity in digital format weeks 
later but for the sake of real-time monitoring they were recorded manually. In tests where 
the fan was cycling, the fan timer was dialed to the beginning of an on-cycle so it could 
start in the same position for every test. An energy monitor (P3’s Kill-A-Watt) displayed 
the energy consumption from the LED lights, fan and condensate pump; its starting value 
was also recorded at the beginning of the test. Approximately 20ml of toluene was 
measured in a graduated cylinder and then splashed on a rag, tied on to a box fan. This 
amount was used because it was calculated to create approximately 200 ppm of toluene in 






to begin evaporating the toluene into the chamber and the door was closed to begin the 
test. 
The procedure during the test was less complicated but spanned a longer period of 
time. Samples were taken periodically using the Draeger CMS and Optima units to 
characterize the shape of the generation and decay curves. The objective of the test 
influenced the number of samples gathered as well as the frequency with which samples 
were taken. However, all tests began with a baseline sample, had another sample around 
60 minutes to gather the peak contaminant concentration and then took at least 3 more 
samples to characterize the decay curve. The shape of the exponential decay curve would 
become the basis of comparison across different tests. 
Between five and eight hours after beginning, each test concluded with opening 
the environmental chamber door to once again equalize the chamber with the surrounding 
lab. Any Galson devices were resealed at this point and the box fan was turned off. A 
final energy consumption value was gathered from the Kill-A-Watt energy monitor and 
the cycling characteristics of the fan and watering system were recorded, as well as any 
unusual circumstances during the test. 
3.3.2 Stages of Testing 
The results from the above described test procedure were used to characterize an 
exponential decay constant which could be compared across multiple tests. These tests 
occurred in stages to address the fundamental question of how plants in the Biowall 
impact indoor air quality. Initially, the two major stages to this testing were a series of 
tests with the Biowall and then a single test without the Biowall. Thus, the generated 






plants did not have as large an impact on indoor air quality as originally anticipated, a 
filtering device featuring activated carbon was tested to see if it performed better. This 
device, known as the Plant Air Purifier, was actually designed by Bill Wolverton after he 
retired from NASA and is designed to improve indoor air quality. In summary, there were 
three stages of testing: 1) with the Biowall, 2) without the Biowall and 3) with a 
botanical-activated carbon filter. 
3.3.3 Threats to Validity 
Figure 3.3 shows how the stages of testing impact various confounding variables 
within the experiment. In the first stage (without the biofilter) the exponential decay 
constant is representative of background conditions within the chamber, primarily the 
leakage of VOCs from the chamber as well as the rate at which VOCs deposit on various 
surfaces within the chamber. The exponential decay rate of the second stage (with the 
biofilter) includes all the variables of the first as well as the ability of the plant microbes 
to break down VOCs, absorption effects and adsorption effects. Due to toluene being a 
mostly water insoluble compound and the filter having a flat surface to pass air over, 
adsorption and absorption effects were assumed to be negligible. 
Adsorption becomes much more important when considering the third stage of 
testing, a similar botanical air filter featuring activated carbon. Activated carbon is carbon 
pellets that have been engineered to have the highest surface area possible by creating 
many microscopic pores in the pellet structure. When a gas is passed over these pores, 








Figure 3.3 Focusing on Plant Microbes for Experimentation 
3.4 Data Analysis 
Once the data were gathered, the next step was to analyze it and interpret the 
results. The most fundamental component of this analysis was the clean air delivery rate 
(CADR) supplied by the Biowall. This metric was developed for evaluating the 
performance of ionic air cleaners in residences but has since become very useful in 
determining how effective devices are at cleaning air. This same metric was used in the 
work at Syracuse University to develop the energy saving estimates as a result of using a 
botanical air filtration system. By using a botanical air filter to clean the air, the outside 
air requirements of a given building can be reduced, decreasing the building’s energy 
consumption from treating outside air. The outside air requirements for a given building 
change based on ASHRAE standard 62.2 so ultimately a botanical air filter could be 






Looking back at the previous stages of testing, a clean air delivery rate can be 
computed. When calculating for a closed chamber test, the clean air delivery rate is the 
volume of the chamber multiplied by the difference between the exponential decay 
constant with the filter and without the filter. Once this value is computed, it can then be 
plugged in to an energy model with various other energy loads to determine the Biowall’s 
ability to reduce energy consumption. This model is discussed more in the analysis 
section but other areas that were considered include power requirements for the lights and 
fan as well as latent versus sensible heat loads put off by the Biowall. 
Besides energy analysis, another area to consider from the indoor air quality 
results is their statistical significance. Since the Optima unit provided continuous 
sampling for a given test, many data points were gathered, generating a large statistical 
confidence in the data set. A matched pairs t-test was used to compare values during 
exponential decay. For this application, the test took the difference between the with and 
without Biowall scenarios during the exponential decay curves and tested to see if that 
difference was equal to zero. A p-value was then generated showing the probability that 
what occurred was due to chance alone, or statistically significant. 
3.5 Chapter Summary 
After reviewing the scope and relevant literature for the research topic, the 
methodology for its investigation was outlined. This chapter included discussing the 
details of the apparatus designed and tested, the experimental design of other components, 






CHAPTER 4. RESULTS 
With the introductory materials and methodology outlined, the results of the 
experiment can now be presented. The main topic areas within this chapter are indoor air 
quality, energy and horticulture. Since the focus of the experiment is primarily indoor air 
quality, with some consideration towards energy impact, the majority of the chapter 
discusses indoor air quality results. 
4.1 Indoor Air Quality 
Within the indoor air quality section a number of results were found. These results 
primarily focus on two aspects, the improvement of indoor air quality based on toluene 
reduction and the lack of degradation of indoor air quality due to particulates. 
Background conditions during the experiment are also briefly be mentioned. 
4.1.1 VOC Readings 
The primary focus of indoor air quality within this experiment was to see how a 
Biowall can impact the level of VOCs in an energy efficient residence. In the following 
subsections data from four different data sources are presented. By using multiple sources 






4.1.1.1 HVAC VOC Sensors 
The data gathered from the commercial HVAC VOC sensors was difficult to 
interpret and ultimately unusable for the experiment. Originally it was believed these 
sensors could be the sole source of data acquisition. However the first time the Biowall 
was introduced in to the environmental chamber, these sensors quickly pegged at 2000 
ppm regardless of the introduction of an external contaminant. It was theorized this might 
be due to large sensor drift, the high relative humidity, the presence of an unknown VOC 
or VOCs produced by the plants themselves. The theory of an unknown VOC being 
present was dispelled by the results from Galson Labs, which is discussed in a later 
section. Regardless, the data were not used for testing exponential decay rates and 
necessitated the use of other systems for testing VOCs. 
4.1.1.2 Aircuity Optima Unit 
The results from the Aircuity Optima unit ultimately became the primary findings 
for the experiment. First, transforming the data is required for further analysis. This 
transformation came primarily from finding the appropriate start time and end time from 
the data set as well as finding the appropriate peak value by which to normalize the data. 
The start time was typically chosen as the minute before the VOC concentrations made 
their first significant increase whereas the end time was selected to be after they made a 
significant drop from the door being opened. Figure 4.1 below shows three tests with the 
Biowall in the chamber, before the data set was normalized. On the y-axis the TVOC 






x-axis is the relative experimental time in minutes, determined using the methods 
described above. 
 
Figure 4.1 Biowall in Chamber before Normalization 
 
 Although the curves follow the same basic shape, they do not have the same peak 
concentrations and do not match up very well. This was most likely due to small 
variances in the amount of toluene introduced in to the chamber as well as fan cycling 
characteristics. To reduce the difference between these curves they were normalized by 
taking each sample and dividing it by the peak concentration during the test; a common 
practice when using the pull-down test method. Note that normalizing does not change 
the exponential decay constant of the idealized functions based on the data. Figure 4.2 
shows the same three tests after normalization based on the peak value. Notice that the 








Figure 4.2 Biowall Inside Chamber 
  
The method of normalization reveals the striking similarity between the 
conducted tests. This is especially true for the generation portion of the curve, where all 
tests peaked between 50 and 100 minutes in to the test. Interestingly, there seems to be a 
static period from 100 to 150 minutes in the test, where the curves match each other very 
well before deviating from one another. Using samples starting at the end of each static 
period (150 minutes) and ending at 300 minutes, an exponential regression curve was fit 
to the data and provided an exponential decay constant. The time constant (amount of 
time it takes to reach 37% of peak value) for the three curves ranged from 500 to 800 
minutes, which corresponds to an average decay constant (opposite reciprocal of time 
constant) of approximately -0.002-1/minutes. 
Figure 4.3 shows the test results from removing the Biowall from the chamber 






decay curve was fit to the data after the static period. The y and x axes are similar to the 
previous set of tests with the Biowall in the chamber. 
 
Figure 4.3 Biowall Outside Chamber 
 
After the static period the decay is much slower than with the Biowall in the 
chamber. In fact after analyzing those samples, the time constant is equal to 1400 minutes 
or a decay constant value of -0.0007. This value is well outside the range of the tests with 
the Biowall in the chamber, with its statistical significance discussed in later sections. 
The final VOC test monitored by the Optima unit to discuss is the results with the 
Plant Air Purifier in the chamber. These results are shown in Figure 4.4 on the following 
page and have the same basic graph formatting as the previous graphs. In this test the 
shape of this curve is drastically different than previous tests. For example, the peak 








Figure 4.4 Plant Air Purifier inside Chamber 
 
 Although the shape of the curve for the Plant Air Purifier was different from the 
Biowall, its exponential decay characteristics were not as large an improvement as 
anticipated. Using samples from the peak to the test’s end, a time constant of 400 minutes 
was computed. Considering the low end of the range of time constants with the Biowall 
was 500 minutes, this was not seen as a large improvement. Besides having the aid of 
activated carbon in the growth medium, this system and its testing varied from the 
Biowall in a number of other ways. First, the odd curve shape was most likely due to the 
use of a continuously operating fan that was built in to the Plant Air Purifier itself, which 
was much smaller than the Biowall’s blower in size. Again considering size, the cross 
sectional area of the filter media for the Plant Air Purifier was one tenth of the Biowall. 
Finally, the plants within the purifier were given less than a week to acclimate to their 






should not affect the ability of the activated carbon, it would be less time for 
microorganisms near the plant roots to develop. 
4.1.1.3 Draeger CMS 
One major goal of this study was to observe the decay of a specific VOC and not 
rely solely on a TVOC sensor, since they are often sensitive to the presence of other, 
confounding VOCs. Unfortunately the few specific VOC sensors that can monitor 
continuously in real-time were well outside the budget for the project and as a result a 
more manually operated system was used. The Draeger Chip Management System (CMS) 
fulfilled this purpose providing manual measurements of specific VOCs in real time. 
Although this system was a better choice experimentally, from an error analysis 
perspective it did not perform as well as the Optima unit because it had an accuracy error 
of plus or minus 12 percent and a precision error even higher than that. As previously 
discussed the unit also cost $15 per sample and took 5 minutes to complete a sample. As 
a result any exponential decay curve fit to the samples had a low correlation yielding 
unreliable decay constants. 
Instead of trying to use the Draeger CMS as a standalone device for measuring 
toluene decay, it supported the more precise and accurate Optima unit. Recall that the 
Optima unit measured TVOCs in terms of an ethylene equivalent compound. This means 
that any VOC that interacted with the sensor would create an electrical response and this 
response was considered in comparison to the known response of ethylene; once 
converted all responses were summed to create the TVOC reading. If another specific 






display in terms of that VOC’s equivalent instead. Figure 4.5 shows the relationship 
between the readings made by the Optima Unit and the Draeger CMS when measured at 
the exact same time during a test. The y-axis of the graph shows the toluene 
concentration in parts per million found by the Draeger CMS while the x-axis shows the 
TVOC concentration in parts per million measured by the Optima Unit. The slope of the 
trend line fit to the dataset provides the empirically found conversion factor. 
 
Figure 4.5 Conversion Factor from TVOC to Toluene Concentration 
 
 Using this conversion factor, readings made by the Optima unit are considered in 
terms of toluene equivalent. Unfortunately the correlation between the data sets is a little 
low but this is most likely due to the errors caused by the Draeger CMS. Nonetheless, the 
conversion factor found empirically is similar to the factor determined analytically by the 
product manufacturer, Aircuity of 0.9. Remembering the method of normalization used 
on the Optima data, applying this conversion factor did not change the test results since 






Optima unit’s results show the decay of toluene over time, it must be confirmed that no 
background VOCs were present to influence the sensors readings. Again, this is discussed 
in the following section. 
4.1.1.4 Galson Lab Results 
The final source of data for understanding VOCs in the experiment was provided 
by Galson Labs. Although expensive and time consuming, this method allowed a brief 
glimpse at the high degree of accuracy that could be provided using a gas chromagraph 
mass spectrometer unit. Figure 4.6 shows the results from taking a 24-hour sample of the 
sealed environmental chamber with the Biowall present but without introducing any 
external contaminants. On the x-axis is a list of the 64 common VOCs tested from the air 
sample and on the y-axis is their concentration in parts per billion if they tested positive. 
 
Figure 4.6 Galson Labs VOC Profile of Chamber 
 
 Of the 64 VOCs tested only two came back positive and were still only within the 






freon-11 at 210 ppb and methylene chloride at 7.1 ppb. It is speculated that the freon-11 
was a byproduct of the insulation used to build the environmental chamber. The threshold 
for a positive reading of methylene chloride was 5 ppb, so the substance is just barely 
present in the chamber. Although there is more uncertainty where this might have come 
from, it is speculated it might have been generated by materials used to manufacture the 
blower or box fan. Regardless, since the optima sensor reported in the parts per million 
ranges it is unlikely either of these compounds influenced its measurements. As a result 
one can claim the decay of TVOCs shown by the Optima unit is indicative of the decay 
of toluene in the chamber as well. These results also show that the presence of a Biowall 
does not introduce any additional common VOCs in to the chamber. However, there may 
still be uncommon VOCs that weren’t tested by the Galson Lab sample that were 
generated by the plants. 
 Apart from the 24 hour average test, one other test was conducted by sending 
samples to Galson Labs for analysis. This test used a charcoal badge to adsorb air during 
a five hour decay test and then had the air trapped in the charcoal analyzed by Galson 
Labs. Using the Draeger CMS to develop a time weighted average concentration of 
toluene in the chamber and comparing it against the Galson badge, the Draeger CMS was 
approximately 20% higher than the Galson value. This might indicate that some of the 
results from the Draeger device were skewed high but the amount would still be close to 
the manufacturer’s suggested error range. 
4.1.2 Particle Readings 
After showing the Biowall can reduce VOCs, it was investigated if plants have a 






or other particulates. Figure 4.7 shows the results from small particulate (PM 2.5) 
monitoring under the three test conditions. On the y-axis the count of small particles per 
cubic meter and the x-axis is the elapsed testing time in minutes. 
 
Figure 4.7 Biowall’s Impact on Particulate Counts 
  
At first glance, it is clear that the Biowall introduced additional particulates in to 
the environmental chamber. Although this is true, the Biowall does not appear to have a 
negative impact on indoor air quality. Looking again at the graph, note the quick increase 
that occurs once every two hours and then decays over time with the Biowall present. 
Recalling the cycle for the irrigation system, it creates a fine mist to water the plants 
every two hours and is most likely responsible for the spike. Aircuity supported this 
theory by claiming the small particulate sensor could detect water mist. Also the Plant 
Air Purifier (Wolverton Device) is a similar botanical air filter but does not have a spray 






helps confirm the likelihood that the spray system caused the spiking. Since the only 
particulates present are water droplets, the results indicate the Biowall did not create 
additional harmful particulates that could cause the indoor air quality to deteriorate. The 
results and conclusions for the large particulates (PM-10) were similar to those of the 
small. 
4.1.3 Background Conditions 
Before moving on from the indoor air quality results, it is important to reconsider 
the background conditions during data collection. Figure 4.8 shows ambient data 
gathered by the Optima unit during testing for temperature and relative humidity. It 
compares the two base conditions, with and without the Biowall, for both temperature 
and relative humidity during testing. On the left y-axis is the temperature in degrees 
Fahrenheit, on the right y-axis is percent relative humidity and the x-axis shows the 
elapsed test time in minutes. 
 







 Based on the graph above, it appears the Biowall can model as an evaporative 
cooler as it decreased the temperature of the space while increasing the relative humidity. 
These results make sense, since when air is passed over a wet medium it increases the 
moisture content which then decreases the dry bulb temperature if no external source of 
energy is present. These concepts are discussed more in the energy results and analysis 
sections. Again, the temperature and relative humidity results were gathered by the 
Optima unit but the commercial grade HVAC sensors confirmed these trends. Note that 
the cycling that occurs in the temperature and relative humidity is most likely due to the 
cycling of the fan (½ hour on, ½ hour off) and the irrigation system (1 minute every two 
hours). 
4.2 Experimental Energy 
Data were collected on the experimental Biowall in order to later inform a 
modeled Biowall during energy analysis. The corresponding energy analysis is discussed 
more in later sections but a number of manual measurements were made with handheld 
equipment on the existing Biowall. Figure 4.9 shows the results from these manual 
measurements. Using a hot wire anemometer the airflow characteristics were monitored, 
allowing a bypass percentage around the filter to be calculated. Using a digital 
hygrometer the temperature and relative humidity before and after the Biowall were 







Figure 4.9 Biowall Energy Considerations 
 
 These results confirm the trends in background conditions discussed in the indoor 
air quality section, as the Biowall can be modeled as an evaporative cooler. As the air 
passes over the filter it picks up moisture, increasing its relative humidity (in this case 9%) 
and decreasing its dry bulb temperature (2 degrees). One can imagine that if less air were 
bypassed around the filter it would make an even more dramatic effect. The analysis 
behind some of these concepts and how they relate to the larger energy model are 
discussed in the energy analysis section. 
4.3 Horticultural Results 
The next major portion of the results after indoor air quality and energy use is the 
horticultural considerations of plant health. Monitoring plant health required 
documenting images of the plants throughout the project and documenting any changes. 







4.3.1 Plant Progression 
Throughout the project plant health was optimized by creating the most hospitable 
environment for growth. Different plants require different amount of water, light and 
nutrients so naturally some plant species performed better than others in the Biowall 
environment. Besides experimenting with different amounts of water and nutrients, 
different growth media and plant species were grown in the Biowall to see how they 
performed. The progression of the plants from their installation to shortly before testing is 
shown in Figure 4.10. The two different growing mediums can be seen as black felt or 
green fabric and a guide to the plants present is shown to the left of the images. 
 







 From studying this progression a number of conclusions can be reached regarding 
optimal growth media and species choices for the Biowall. Looking at the progression of 
sedum, notice that although a few died off in the beginning, overall they did quite well. 
This is due to sedum being a succulent plant and can hold water within its structure even 
when the filter media becomes dry from airflow. Sedum was also the only plant to date 
ever to flower consistently on the wall, although this only happened with the 
Ellacombianum species (most basic, green colored sedum). The ivy had a similar 
response to the Biowall where at first a few died off but those that survived did quite well 
thereafter. Spider plant very consistently grew well on the wall probably due to its overall 
hardy nature. Despite being the plants of choice on previous Biowalls golden pothos and 
philodendron both struggled to some extent. As far as the growth media are concerned, 
the plants in the horticultural growth felt performed better but this is probably due to the 
decreased airflow across the less permeable surface, resulting in less desiccation stress on 
the plant roots. 
4.3.2 Plant Evaluation 
Apart from monitoring the progression of the plants under different growing 
conditions, a standardized metric was developed to determine overall plant health. Figure 
4.11 shows this evaluation rubric along with the ratings received by the Biowall used 
during testing. Plants were evaluated in four primary categories based on the appearance 
of the leaves, stems, roots and plant as a whole. The evaluated Biowall received a rating 
in each one of these categories on a scale from one to ten with higher numbers 
representing better health. Each category also featured a description of what healthy 







Figure 4.11 Horticultural Evaluation During Testing 
  
Overall the plants were determined to be in moderately good health, although 
there was opportunity for further improvements. Both the leaves and stems were doing 
fairly well, apart from some loss of pigment and stem elongation. The roots received a 
fairly low score because not all roots penetrated the growth media. This was most likely 
due to the densely woven fabric in the horticultural felt as well as the thin roots of some 
plant species (namely sedum and ivy). Having a loose growing media would make it 
much easier for roots to penetrate. As for plant pests and/or diseases, there were few 
problems observed. 
4.4 Chapter Summary 
This chapter presented the results of the experiment as defined by the earlier 
chapters. The key findings presented were with respect to indoor air quality, energy and 






quality in energy efficient residences. The raw data used to generate the various figures 






CHAPTER 5. ANALYSIS AND CONCLUSIONS 
With the experiment complete, including its goals, background information, 
methods and results, the final consideration is how its results relate to the broader body of 
knowledge. The results are used to inform further analysis of energy use and statistical 
significance and then the future work for the project is outlined. 
5.1 Analysis 
The analysis section features a discussion of both the energy and statistical 
analysis for the project. Both facets build on data from the results section and when 
concluded, future work for the project is discussed. 
5.1.1 Energy 
In this report section the Biowall’s impact on HVAC energy consumption in an 
energy-efficient residence is analyzed. It begins with a discussion on how the energy 
model was developed, moves in to some of the assumptions and finally the results under 
a number of different operating conditions. 
5.1.1.1 Biowall Modeling 
Equation 2 quantifies the bypass factor, which is the mass ratio of air flowing 
through the growth medium relative to the total mass of air. In this equation BP is the 






volumetric airflow, vBP is the specific volume of the bypassed airflow and vT is the 
specific volume of the total airflow.  
   
 ̇  
   
 ̇ 
  
 (Eq. 2) 
The evaporative cooling for the Biowall was modeled using psychrometric 
equations for air/water mixtures to allow for the exchange between sensible energy and 
latent energy.  In other words, air is passed over the wet growth medium and picks up 
moisture, causing a corresponding decrease in dry bulb temperature.  This was quantified 
using wet-bulb effectiveness, which is a temperature ratio showing the amount of 
humidification achieved with respect to the maximum humidification possible. It can be 
expressed by equation 3: 
  
         
         
 (Eq. 3) 
Where ε is the wet-bulb effectiveness, T is the temperature, state 1 is before the 
evaporative cooler, state 2 is after the evaporative cooler, DB denotes dry-bulb and WB 
denotes wet-bulb. 
5.1.1.2 Biowall Analysis 
Figure 5.1 summarizes a thermodynamic model of the Biowall that was developed 
to characterize its impact on temperature and humidity in ventilation air. The Biowall is 
an evaporative cooler with a bypass, but there are other impacts on an HVAC system. 
The device also has sensible energy from the lights and fan, which is a percentage of the 
total electricity used by each device. Thus the overall model includes the inlet and outlet 






moisture added by the biofilter, the bypass around the biofilter and the sensible heat gain 
by the fan. 
 
Figure 5.1 Energy Diagram of Biowall Components 
 
The thermodynamic properties at the state points were determined using an 
engineering equation solver and equations based on conservation of mass and energy. 
The enthalpy at state 1x was determined using equation 4 below. In this equation Qlights 
represents the portion of the total lighting power that was an instantaneous sensible heat 
gain. This was determined from a measured power reading and adjusted to account for 
the portion of electricity that is an instantaneous heat load to the air. Other variables in 
the equation below include, ̇  the mass flow rate of air, h1 the enthalpy of the air at the 
inlet, and h1x the enthalpy of the air immediately following the biofilter. 
         ̇         (Eq. 4) 
A similar approach was used for calculating the enthalpy at state point 2. Equation 
5 below shows the energy balance across the fan where Qfan is the portion of total fan 
power creating sensible heat gain, ̇  is the mass flow rate of air, h1x is the enthalpy of the 






      ̇         (Eq. 5) 
Equation 6 quantifies the latent load from the Biowall by the humidity ratio, 
where 2 is the outlet, 1 is the inlet, 1x is just after the biofilter, and BP is the bypass 
factor. The basis of this equation is a mixing process where conservation of mass is 
upheld. Once the humidity ratio and enthalpy at state point 2 have been determined, 
temperature and relative humidity can also be found using thermodynamic properties of 
air. 
                  (Eq. 6) 
The thermodynamic model was calibrated by varying the wet-bulb effectiveness 
( ) and bypass factor (BP).  Initial values for BP and   were measured manually, then 
these values were adjusted until the model produced values for the temperature and 
relative humidity at state point 2 that were in reasonable agreement with direct 
measurements.  The final wet-bulb effectiveness was found to be 0.70 and the bypass 
factor was 0.55. 
Table 5.1 compares the calibrated model and the measured values for Biowall 
performance. The dry bulb temperature at the Biowall outlet was 72 ºF and the modelled 
value was 72.6 ºF, which was less than 1% error.   The relative humidity results were 
even more accurate. The measured relative humidity was 42%, the same as the modeled 
value.   Based on the low error values, the model can be used to analyze the Biowall’s 










Table 5.1 Calibration of Biowall Model 
Biowall Parameter Measured Modeled Error 
Outlet temperature, T2 (ºF) 72.0 72.6 1% 
Outlet humidity, RH2 (%) 42 42 0% 
 
The model shows that a Biowall has a sensible load of approximately 300 Btu/hr. 
This is helpful during cold weather because it can help heat a home.   This is not helpful 
in a warm climate or in the summer because the heat load, approximately ¼ ton of air 
conditioning, must be removed by the central air conditioning system.  In most situations 
more energy is used for heating a building annually than cooling it, so the Biowall has a 
positive impact through its heat gain. 
The latent load from the Biowall is approximately 0.4 lb/hr of moisture.   This is 
helpful during the winter or in arid climates where humidification is helpful.   This is 
detrimental during the summer because it is moisture that must be removed by the HVAC 






5.1.1.3 Energy Efficient Home Analysis 
Figure 5.2 shows the INhome, Purdue University’s entry into the 2011 Solar 
Decathlon, which was the basis for Biowall modelling in an energy efficient residence. 
This is appropriate because the first Biowall was installed and evaluated in this home.  
The house also earned a second place finish in the 2011 Solar Decathlon competition, 
adding to its credibility as an accurate representation of energy efficient housing. 
 
Figure 5.2 Purdue Solar Decathlon Energy Efficient House 
 
Figure 5.3 shows the primary HVAC components of this house and how they 
relate to the energy analysis. Similar to many energy efficient houses, this home was 
designed to actively regulate infiltration and natural ventilation.  Consequently it uses a 
mechanical ventilation system with an energy recovery ventilator (ERV). However the 
energy saved by the ERV (QERV), comes at the cost of running its fans and motor (WERV) 







Figure 5.3 Whole House Energy Model 
 
 After outside air is passed across the ERV, it mixes with return air (RA Mix) from 
the home.   The central air handling unit (AHU) heats, cools, and dehumidifies air (QAHU) 
using an electric heat pump (WHP) to maintain the desired conditions in the house 
(ZONE). QAHU is related to WHP by the heat pump’s coefficient of performance, which 
changes based on outside temperature. 
The Biowall (BW) was designed for half the return air to pass over the filter and 
then recombine (BW Mix) before a portion is exhausted. The Biowall also has a number 
of energy terms, primarily the power to operate the fan and lights (WBW), the sensible 
heat added by those components (QBW), and the moisture added to the system by the wet 






The heat load on the zone (QZ) is based on conductive heat gains in the house.  
Similar to the Solar Decathlon house, the model used a 1000 square foot single story 
home. Assuming the walls are eight feet tall, the external surface area of the house was 
calculated to be 3000 square feet. Comparing annual energy uses of the model versus 
expected energy uses from the website Home Energy Saver from Lawrence Berkeley 
National Labs, an average R-value of 41 ft
2
-hr-F/Btu was calibrated. These metrics were 
used in calculating the heat load on the house under varying outside air temperatures. 
Table 5.2 compares the accuracy of the model’s outputs to the ones calculated 
using Home Energy Saver (HES). Observe the three geographic locations for the 
developed energy model have percent error around plus or minus 25%. This level of error 
is acceptable for the experiment as it only is used to keep the baseline condition of the 
house close to real world values and should not significantly affect comparisons between 
the baseline and Biowall conditions. 









Lafayette, IN 18 22 +22% 
Fairbanks, AK 78 58 -26% 
Phoenix, AZ 11 9 +18% 
 
Outside air requirements in the model were calculated using ASHRAE Standard 
62.2 methods but reduced depending on the Biowall’s clean air delivery rate (CADR). 






delivery of 30 cfm was used; which was enough to cut outside air requirements in half.  
Outside conditions were determined using typical meteorological year data from NOAA, 
which allowed hour “bins” to be created.  
Figure 5.4 shows the effects of outside air on annual energy use in the modeled 
house. On the y-axis the house’s annual energy intensity is expressed in kBtu/(sf-yr), 
while the x-axis has the percent of total airflow in the house designated as outside air. 
The three technological states shown are a residence without any outside air reduction 
(Status Quo), with the commercially targeted amount of outside air reduction for the 
Biowall (Commercial Target), and the theoretical capacity for botanical air filtration 
technology (Theoretical Capacity). 
 
Figure 5.4 Reductions in Outside Air with Biowall Technology 
 
The arrow in the graph shows that as the technology advances with greater 
filtration rates, less outside air is required in the residence, leading to overall less energy 






other geographic locations and the presence of other energy efficient technologies would 
influence the curve. Areas where more time during the year is spent at temperatures 
farther away from room temperature are the best candidates for energy savings from 
outside air requirements. For example although Phoenix is a hot environment, its highest 
annual temperature (110 °F) is only 35 degrees from room temperature, whereas the 
lowest annual temperature in Fairbanks (-30 °F) is 105 degrees from room temperature. 
Using the commercial target of a CADR of 30 cfm and the whole-house energy 
model previously described, the Biowall’s impact on annual energy consumption was 
evaluated under a number of different operating conditions. Figure 5.5 shows the 
potential energy savings from the Biowall in a residential HVAC system. The twelve 
different operating conditions are shown on the x-axis, where three different geographic 
locations are evaluated with four different operation scenarios. The operation scenarios 
are based on the presence of the Biowall and other energy efficient technology (the ERV). 
The y-axis is similar to the previous graph, where it shows the impact of the scenarios on 
the building’s annual energy intensity. 
 






 The graph shows that the Biowall has the potential to significantly reduce energy 
consumption in buildings. In all cases the Biowall is an improvement over not having any 
energy efficient ventilation technology. In fact, in Fairbanks and Lafayette the addition of 
a Biowall is actually a better solution than an ERV. As one might expect however, the 
most energy savings for the homeowner could be found using both an ERV and a Biowall 
in their residence. When comparing the Biowall to not having any energy efficient 
technology, it was found to reduce annual HVAC energy consumption by 20 to 30 
percent in energy efficient residences. 
 Additional information on specific equations and coding for the energy model can 
be found in Appendix F. 
5.1.2 Statistics 
Using the statistical methodology described in chapter 3, the Biowall was shown 
to improve indoor air quality with statistical significance. Taking the difference in values 
on the February 7
th
 test and February 11
th
 test after the static period (approximately from 
150 minutes to 300 minutes in to the test) a p-value of less than 0.01 was found. This was 
achieved using the Optima unit to sample once every minute during the test, creating 
approximately 150 samples in the data set. However, the limitation of the p-value is it 
only claims whether the difference between data sets was non-zero, not how much 
difference there was. Nonetheless the p-value can be interpreted as the probability that 








To summarize the results of the experiment, data have been gathered on the 
indoor air quality, energy and horticultural aspects of botanical air filtration in energy 
efficient residences. It was shown the Biowall made a statistically significant 
improvement (P<0.01) in indoor air quality through the reduction of toluene in the 
environmental chamber. It also was concluded that the Biowall did not produce any 
additional particulates to diminish indoor air quality in any way. A number of different 
growing media and plant species were tested and the Biowall was shown to have a 
hospitable environment for plant growth. The experimental data was put in the context of 
an energy model and with some technological improvements it was shown the Biowall 
has the ability to reduce HVAC energy consumption by 20-30% in energy efficient 
residences. 
5.3 Future Work 
Although the first step was taken in showing the Biowall’s ability to improve 
indoor air quality and reduce energy in this study, there are still great opportunities to 
improve the design that lie beyond the scope and timeframe of the author’s project. More 
specifically, the Biowall design could be improved drastically in the following systems: 
1) Irrigation system – the irrigation system needs redesigning for greater durability 
by using PVC pipe with sealants instead of the current press fit irrigation kit. The 
system also wastes a large amount of water, so further optimizing recirculation 






improved using a demand based system which monitors moisture content in the 
filter and sprays only when necessary. 
2) Lighting system – the type of lighting currently used seems fairly effective, 
although increasing the amount of lighting could help encourage plant growth. 
3) Trellis – Although the current modularized system is a good start its design needs 
to be revaluated. Ideally the frame should be made using rapid prototyping 
technology, one piece assembly with modules that can be removed very easily by 
the homeowner. The current design requires taking the entire assembly down, 
removing the fabric clamps and realigning holes when putting it back together. 
4) Plenum – The current plenum was expensive so it is recommended to look at 
alternatives. Ideally it would also be nice to have an inexpensive, airtight material 
that is transparent enough where root growth could be monitored over time. 
5) Growth medium – As mentioned in previous sections, the number one 
improvement to make to the growth medium is using activated carbon. Also, 
finding a material that can better pass air and allow root penetration would 
improve the health of the plants. If there were a way to use a loose fill clay media, 
mixed with carbon activated pellets, this would probably be optimal. 
6) Plants – Although sedum and spider plants look promising, further optimization is 
possible in choosing plant species. As more of a long-term goal, incorporating 
vertical farming in to plant choices could make the Biowall a more attractive 
option for the homeowner. This might most easily be done with herbs, mint in 







Using the energy model from this experiment, design improvements can now be 
better quantified with respect to their relative impact on energy consumption. Figure 5.5 
provides an example of how different design variables impact the bottom line energy 
consumption. On the y-axis is the energy slope and the x-axis shows different design 
variables. The idea behind the energy slope diagram is to give a concept of how much a 
change in the design variable impacts the total energy consumption. Notice the values for 
lights have been divided by 10 and the filtration constant was divided by 1000 to make 
the other variables more visible on the graph. 
 
Figure 5.5 Energy model design optimization 
 
 A number of conclusions can be gathered from this graph. First and foremost is 
the incredible impact the filtration constants have on the energy reduction from the 
Biowall. By increasing the filtration constant by just 0.001, 15 kWh/yr could be saved. 
Lights also have a large impact by a one percent increase in on-time, 5 kWh/yr are 






impact the bottom-line energy consumption as much, so whatever it takes to improve the 
filtration capacity is preferable. 
 The final test of the Biowall project is moving the design in to an energy-efficient 
house and field testing its impact on energy consumption. With actual savings quantified 
the device could be commercialized and sold to the public. The experimental 
methodology used to evaluate this device may also someday be part of a performance 
based indoor air quality standard. 
5.4 Chapter Summary 
In this chapter the results of the experiment were put in the context of a broader 
discussion by analyzing the findings and considering future work. The analysis of the 
Biowall’s annual energy impact revealed the Biowall can reduce energy consumption in 
energy efficient homes. The statistical analysis also showed the Biowall can improve 
indoor air quality with statistical significance. After reviewing basic design 
improvements, an illustration was provided for how to use the energy model to inform 
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Appendix A: Statement of Work 
The following is a statement of the major tasks to be completed for the project as 
well as a timeline for their completion. The primary goals of this project are to design, 
build, test, optimize and then  publish scientifically sound findings on a botanical air 
filtration system. 
Table A.1 Timeline of Tasks 
 
Design and Fabrication: 
During this phase, the Biowall will be designed, submitted for approval and 
fabricated. The design process will be mostly accomplished using Solidworks software 
while simultaneously growing the required plants in the Horticulture Greenhouse 
throughout the spring semester. Vendors will be contacted for design advice, pricing and 
ultimately supply of components for various systems. Some of these vendors may include: 
 Hort Americas – Philips LED grow lights 
 Dramm – Netafim irrigation system 
 Purdue Sheet Metal Shop – Plenum 
 Bennett’s Greenhouse – Plants 
 ML Filters – Plant growth medium 
The majority of fabrication will be accomplished using tools in the applied energy 
lab and general supplies from local hardware stores. Fabrication will begin in May and 
last through the end of June.
Task Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May















After the system is installed, it will need to be commissioned to verify proper 
functioning in future experimentation. This will require a graphical and physical 
inspection of all existing sensors as well as all additional sensors purchased. All dampers 
will be modulated to various positions through the control system and then inspected to 
see if they moved as directed. Airflow and pressure sensors will be put under three of 
more airflow conditions and will compare control system readings to handheld measuring 
devices (e.g. manometers and anemometers). Different amounts of outside air 
configurations will be tested, as well as system limits. Finally, the biofilter itself will be 
tested for airflow and pressure characteristics so it can be better incorporated into the 
energy model. 
Laboratory Test and Display: 
Once all sensors are in proper working order, the experiment can then begin. All 
data points will be set to trend under a number of different operating conditions, with 
some variables manually measured through hand held devices. These variables may 
include formaldehyde and toluene airborne concentrations as well as testing particulate 
concentrations using petri dishes. The testing phases will be as follows: 
1. Control without contaminants 
2. Control without Biofilter 
3. Control with dry growing medium 
4. Control with wet growing medium 
5. Control energy monitoring (ERV) 
6. Experimental with Biofilter 
During all phases 12 sheets of 2’ x 4’ particleboard will be placed inside the 







While testing the device, work will also begin in improving the device. Each 
system within the device will be analyzed for making it more effective towards its 
function and accomplishing its task with greater efficiency. For example, light color, 
intensity and amount will all be investigated in their relation to energy consumption, 
plant growth and cost of modules. Another potential area of optimization might be 
thorough investigation in in the materials used for the trellis, plenum and growth medium. 
Ultimately, all optimization measures will be aimed at making the device more 
sustainable (in terms of carbon foot printing) and less costly for the homeowner. Testing 
of improvements will be located on lab benches outside environmental chamber. 
Analyze Results: 
Once all data is gathered it will then be analyzed for significance and extrapolated 
to future applications. In showing statistical significance, samples will be compared 
under each operating scenario to show the effects on indoor air quality and energy 
consumption. From there, the energy related data, such as wet bulb effectiveness, will be 
inputted into a thermodynamic model to determine the Biowall’s effect on energy 
consumption in a residence. Showing the effect on energy consumption in one residence, 
the model will then be extended to other residences with varying climatic conditions and 
different HVAC configurations. 
Document and Publish Findings: 
Documentation will occur throughout the project in written records, digital 














Appendix B: Raw Data 
Optima IAQ Data 
Below is the data gathered by the Aircuity Optima unit’s indoor air quality 
sensors during testing.  
 
Time (mins.) TVOC Small Large Norm. TVOC TVOC Small Large Norm. TVOC TVOC Small Large Norm. TVOC TVOC Small Large Norm. TVOC TVOC Small Large Norm. TVOC
0 3 187,175 3,653 2% 0 380,523 4,701 0% 13 188,166 6,145 5% 9 1,049,481 5,918 5% 16 318,565 27,128 6%
1 29 187,175 3,653 15% 20 380,523 4,701 12% 52 188,166 6,145 20% 60 1,027,167 5,833 33% 67 318,565 27,128 24%
2 29 189,383 6,173 15% 20 380,523 4,701 12% 52 188,166 6,145 20% 60 1,027,167 5,833 33% 67 318,565 27,128 24%
3 82 189,383 6,173 42% 70 396,437 6,513 42% 137 187,628 6,088 53% 108 1,027,167 5,833 59% 160 304,973 24,296 57%
4 82 189,383 6,173 42% 70 396,437 6,513 42% 137 187,628 6,088 53% 108 1,027,167 5,833 59% 160 304,973 24,296 57%
5 115 189,383 6,173 59% 103 396,437 6,513 62% 175 187,628 6,088 68% 132 869,895 4,219 72% 216 304,973 24,296 77%
6 115 194,056 6,060 59% 103 396,437 6,513 62% 175 187,628 6,088 68% 132 869,895 4,219 72% 216 304,973 24,296 77%
7 131 194,056 6,060 67% 120 369,366 5,154 72% 188 174,177 4,786 73% 142 869,895 4,219 77% 231 304,973 24,296 82%
8 131 194,056 6,060 67% 120 369,366 5,154 72% 188 174,177 4,786 73% 142 869,895 4,219 77% 231 284,217 20,162 82%
9 142 194,056 6,060 72% 128 369,366 5,154 77% 196 174,177 4,786 76% 151 856,558 3,540 82% 240 284,217 20,162 86%
10 142 618,838 11,129 72% 128 369,366 5,154 77% 196 174,177 4,786 76% 151 856,558 3,540 82% 240 284,217 20,162 86%
11 150 618,838 11,129 76% 135 353,961 2,945 81% 203 170,354 3,681 79% 155 856,558 3,540 85% 247 284,217 20,162 88%
12 150 618,838 11,129 76% 135 353,961 2,945 81% 203 170,354 3,681 79% 155 856,558 3,540 85% 247 265,471 16,282 88%
13 155 618,838 11,129 79% 139 353,961 2,945 84% 209 170,354 3,681 81% 159 826,174 2,605 87% 255 265,471 16,282 91%
14 155 3,128,168 35,878 79% 139 353,961 2,945 84% 209 170,354 3,681 81% 159 826,174 2,605 87% 255 265,471 16,282 91%
15 160 3,128,168 35,878 81% 142 362,881 3,766 85% 213 166,418 3,030 83% 162 826,174 2,605 88% 258 265,471 16,282 92%
16 160 3,128,168 35,878 81% 142 362,881 3,766 85% 213 166,418 3,030 83% 162 826,174 2,605 88% 258 255,985 16,226 92%
17 167 3,128,168 35,878 85% 145 362,881 3,766 87% 219 166,418 3,030 85% 167 798,423 2,350 91% 266 255,985 16,226 95%
18 167 3,128,168 35,878 85% 145 362,881 3,766 87% 219 166,418 3,030 85% 167 798,423 2,350 91% 266 255,985 16,226 95%
19 171 3,015,977 28,034 87% 146 344,758 2,917 88% 223 152,090 1,954 86% 169 798,423 2,350 92% 269 255,985 16,226 96%
20 171 3,015,977 28,034 87% 146 344,758 2,917 88% 223 152,090 1,954 86% 169 798,423 2,350 92% 269 261,422 15,206 96%
21 175 3,015,977 28,034 89% 151 344,758 2,917 91% 226 152,090 1,954 88% 171 786,587 1,982 93% 271 261,422 15,206 97%
22 175 3,015,977 28,034 89% 151 344,758 2,917 91% 226 152,090 1,954 88% 171 786,587 1,982 93% 271 261,422 15,206 97%
23 178 2,875,270 22,682 91% 152 338,444 3,228 92% 229 152,770 1,671 89% 173 786,587 1,982 94% 271 261,422 15,206 97%
24 178 2,875,270 22,682 91% 152 338,444 3,228 92% 229 152,770 1,671 89% 173 786,587 1,982 94% 271 252,275 12,063 97%
25 180 2,875,270 22,682 92% 155 338,444 3,228 93% 232 152,770 1,671 90% 174 777,922 2,265 95% 273 252,275 12,063 98%
26 180 2,875,270 22,682 92% 155 338,444 3,228 93% 232 152,770 1,671 90% 174 777,922 2,265 95% 273 252,275 12,063 98%
27 184 2,791,480 19,142 94% 154 337,453 2,633 93% 234 147,276 1,699 91% 177 777,922 2,265 96% 277 252,275 12,063 99%
28 184 2,791,480 19,142 94% 154 337,453 2,633 93% 234 147,276 1,699 91% 177 777,922 2,265 96% 277 245,989 11,808 99%
29 186 2,791,480 19,142 95% 155 337,453 2,633 93% 237 147,276 1,699 92% 177 766,822 2,152 97% 277 245,989 11,808 99%
30 186 2,791,480 19,142 95% 155 337,453 2,633 93% 237 147,276 1,699 92% 177 766,822 2,152 97% 277 245,989 11,808 99%
31 187 2,775,849 16,849 95% 157 315,903 2,407 94% 239 136,601 1,529 93% 177 766,822 2,152 97% 277 245,989 11,808 99%
32 187 2,775,849 16,849 95% 157 315,903 2,407 94% 239 136,601 1,529 93% 177 766,822 2,152 97% 279 250,208 10,081 100%
33 188 2,775,849 16,849 96% 158 315,903 2,407 95% 239 136,601 1,529 93% 178 741,705 2,067 97% 279 250,208 10,081 100%
34 188 2,775,849 16,849 96% 158 315,903 2,407 95% 239 136,601 1,529 93% 178 741,705 2,067 97% 277 250,208 10,081 99%
35 190 2,628,290 13,932 97% 159 319,415 2,945 96% 240 134,307 1,756 93% 179 741,705 2,067 97% 277 250,208 10,081 99%
36 190 2,628,290 13,932 97% 159 319,415 2,945 96% 240 134,307 1,756 93% 179 741,705 2,067 97% 280 232,907 7,815 100%
37 190 2,628,290 13,932 97% 159 319,415 2,945 96% 241 134,307 1,756 93% 180 735,220 1,557 98% 280 232,907 7,815 100%
38 190 2,628,290 13,932 97% 159 319,415 2,945 96% 241 134,307 1,756 93% 180 735,220 1,557 98% 276 232,907 7,815 99%
39 190 2,618,266 14,442 97% 159 324,257 2,039 96% 243 135,581 1,133 94% 180 735,220 1,557 98% 277 232,907 7,815 99%
40 190 2,618,266 14,442 97% 159 324,257 2,039 96% 243 135,581 1,133 94% 180 735,220 1,557 98% 277 241,232 8,212 99%
41 192 2,618,266 14,442 98% 161 324,257 2,039 97% 245 135,581 1,133 95% 182 736,353 1,642 99% 277 241,232 8,212 99%
42 192 2,618,266 14,442 98% 161 324,257 2,039 97% 245 135,581 1,133 95% 182 736,353 1,642 99% 277 241,232 8,212 99%
43 190 2,488,008 11,950 97% 160 310,948 1,586 97% 245 126,293 1,331 95% 182 736,353 1,642 99% 277 241,232 8,212 99%
44 190 2,488,008 11,950 97% 160 310,948 1,586 97% 245 126,293 1,331 95% 182 736,353 1,642 99% 277 234,832 7,051 99%
45 192 2,488,008 11,950 98% 161 310,948 1,586 97% 248 126,293 1,331 96% 182 690,366 1,727 99% 277 234,832 7,051 99%
46 192 2,488,008 11,950 98% 161 310,948 1,586 97% 248 126,293 1,331 96% 182 690,366 1,727 99% 274 234,832 7,051 98%
47 192 2,456,321 11,808 98% 161 324,851 1,699 97% 247 119,950 1,019 96% 182 690,366 1,727 99% 274 234,832 7,051 98%
48 192 2,456,321 11,808 98% 161 324,851 1,699 97% 247 119,950 1,019 96% 182 690,366 1,727 99% 277 217,049 6,258 99%
49 195 2,456,321 11,808 99% 162 324,851 1,699 98% 248 119,950 1,019 96% 182 690,423 1,076 99% 277 217,049 6,258 99%
50 195 2,456,321 11,808 99% 162 324,851 1,699 98% 248 119,950 1,019 96% 182 690,423 1,076 99% 276 217,049 6,258 99%
51 193 2,364,546 10,421 99% 163 309,957 1,586 98% 249 120,517 934 96% 182 690,423 1,076 99% 276 217,049 6,258 99%
52 193 2,364,546 10,421 99% 163 309,957 1,586 98% 249 120,517 934 96% 182 690,423 1,076 99% 276 234,860 5,947 99%
53 193 2,364,546 10,421 98% 164 309,957 1,586 99% 249 120,517 934 96% 183 679,945 1,161 99% 276 234,860 5,947 99%
54 193 2,364,546 10,421 98% 164 309,957 1,586 99% 249 120,517 934 96% 183 679,945 1,161 99% 273 234,860 5,947 98%
55 193 2,264,956 10,024 99% 164 309,957 1,586 99% 250 116,269 765 97% 182 679,945 1,161 99% 273 234,860 5,947 98%
56 193 2,264,956 10,024 99% 164 322,076 1,472 99% 250 116,269 765 97% 182 679,945 1,161 99% 272 234,860 5,947 97%
57 194 2,264,956 10,024 99% 163 322,076 1,472 98% 253 116,269 765 98% 183 630,334 821 100% 272 232,595 5,663 97%
58 194 2,264,956 10,024 99% 163 322,076 1,472 98% 253 116,269 765 98% 183 630,334 821 100% 270 232,595 5,663 97%
59 193 2,227,861 8,892 99% 164 322,076 1,472 99% 256 117,317 793 99% 182 630,334 821 99% 270 232,595 5,663 97%
60 193 2,227,861 8,892 99% 164 314,233 1,274 99% 256 117,317 793 99% 182 630,334 821 99% 271 232,595 5,663 97%
61 193 2,227,861 8,892 99% 164 314,233 1,274 99% 252 117,317 793 98% 183 604,283 765 100% 271 219,343 4,871 97%
62 193 2,227,861 8,892 99% 164 314,233 1,274 99% 252 117,317 793 98% 183 604,283 765 100% 271 219,343 4,871 97%
63 193 2,200,563 8,099 98% 164 314,233 1,274 99% 255 108,765 1,048 99% 184 604,283 765 100% 271 219,343 4,871 97%
64 193 2,200,563 8,099 98% 164 329,694 1,331 99% 255 108,765 1,048 99% 184 604,283 765 100% 268 219,343 4,871 96%
65 192 2,200,563 8,099 98% 164 329,694 1,331 99% 257 108,765 1,048 99% 182 587,349 595 99% 268 218,606 3,710 96%
66 192 2,200,563 8,099 98% 164 329,694 1,331 99% 257 108,765 1,048 99% 182 587,349 595 99% 266 218,606 3,710 95%
67 193 2,062,405 6,853 99% 164 329,694 1,331 99% 257 103,385 708 99% 183 587,349 595 100% 266 218,606 3,710 95%
68 193 2,062,405 6,853 99% 164 329,184 1,501 99% 257 103,385 708 99% 183 587,349 595 100% 264 218,606 3,710 94%
69 193 2,062,405 6,853 99% 165 329,184 1,501 99% 257 103,385 708 99% 184 587,349 595 100% 264 215,152 4,049 94%
70 193 2,062,405 6,853 99% 165 329,184 1,501 99% 257 103,385 708 99% 184 571,265 425 100% 265 215,152 4,049 95%
71 194 1,993,878 5,409 99% 164 329,184 1,501 99% 258 101,969 708 100% 182 571,265 425 99% 265 215,152 4,049 95%
72 194 1,993,878 5,409 99% 164 324,002 1,076 99% 258 101,969 708 100% 182 571,265 425 99% 266 215,152 4,049 95%
73 193 1,993,878 5,409 99% 165 324,002 1,076 99% 257 101,969 708 99% 182 571,265 425 99% 266 207,959 3,171 95%
74 193 1,993,878 5,409 99% 165 324,002 1,076 99% 257 101,969 708 99% 182 569,170 566 99% 263 207,959 3,171 94%
75 192 1,869,454 4,106 98% 166 324,002 1,076 100% 257 99,109 595 99% 182 569,170 566 99% 263 207,959 3,171 94%
76 192 1,869,454 4,106 98% 166 331,931 850 100% 257 99,109 595 99% 182 569,170 566 99% 260 207,959 3,171 93%
77 193 1,869,454 4,106 99% 165 331,931 850 99% 245 99,109 595 95% 181 569,170 566 98% 260 201,786 2,520 93%
78 193 1,869,454 4,106 99% 165 331,931 850 99% 245 99,109 595 95% 181 540,513 425 98% 260 201,786 2,520 93%
79 195 1,805,118 2,775 99% 164 331,931 850 99% 257 96,561 425 99% 181 540,513 425 99% 260 201,786 2,520 93%
80 195 1,805,118 2,775 99% 164 315,139 793 99% 257 96,561 425 99% 181 540,513 425 99% 257 201,786 2,520 92%









81 195 1,805,118 2,775 99% 164 315,139 793 99% 256 96,561 425 99% 181 540,513 425 99% 257 200,569 2,605 92%
82 195 1,805,118 2,775 99% 164 315,139 793 99% 256 96,561 425 99% 181 545,780 311 99% 257 200,569 2,605 92%
83 194 1,756,894 2,775 99% 166 315,139 793 100% 256 103,498 566 99% 181 545,780 311 98% 257 200,569 2,605 92%
84 194 1,756,894 2,775 99% 166 316,470 651 100% 256 103,498 566 99% 181 545,780 311 98% 256 200,569 2,605 92%
85 196 1,756,894 2,775 100% 163 316,470 651 98% 257 103,498 566 99% 180 545,780 311 98% 256 202,239 2,265 92%
86 196 1,756,894 2,775 100% 163 316,470 651 98% 257 103,498 566 99% 180 533,944 623 98% 255 202,239 2,265 91%
87 195 1,721,979 2,549 99% 165 316,470 651 99% 257 100,044 623 99% 181 533,944 623 98% 255 202,239 2,265 91%
88 195 1,721,979 2,549 99% 165 310,778 680 99% 257 100,044 623 99% 181 533,944 623 98% 253 202,239 2,265 90%
89 196 1,721,979 2,549 100% 165 310,778 680 99% 255 100,044 623 99% 180 533,944 623 98% 253 195,358 2,265 90%
90 196 1,721,979 2,549 100% 165 310,778 680 99% 255 100,044 623 99% 180 522,645 396 98% 252 195,358 2,265 90%
91 196 1,640,681 2,435 100% 165 310,778 680 99% 255 95,400 311 99% 178 522,645 396 97% 252 195,358 2,265 90%
92 196 1,640,681 2,435 100% 165 307,182 680 99% 255 95,400 311 99% 178 522,645 396 97% 250 195,358 2,265 89%
93 196 1,640,681 2,435 100% 165 307,182 680 99% 255 95,400 311 99% 178 522,645 396 97% 250 197,850 1,841 89%
94 196 1,640,681 2,435 100% 165 307,182 680 99% 255 95,400 311 99% 178 522,050 481 97% 250 197,850 1,841 89%
95 196 1,590,022 2,265 100% 164 307,182 680 99% 255 96,504 368 99% 178 522,050 481 97% 250 197,850 1,841 89%
96 196 1,590,022 2,265 100% 164 313,100 736 99% 255 96,504 368 99% 178 522,050 481 97% 247 197,850 1,841 88%
97 196 1,590,022 2,265 100% 163 313,100 736 98% 254 96,504 368 98% 177 522,050 481 97% 247 193,121 1,756 88%
98 196 1,590,022 2,265 100% 163 313,100 736 98% 254 96,504 368 98% 177 522,419 368 97% 247 193,121 1,756 88%
99 195 1,546,159 2,124 99% 163 313,100 736 98% 253 93,304 651 98% 177 522,419 368 96% 247 193,121 1,756 88%
100 195 1,546,159 2,124 99% 163 298,035 425 98% 253 93,304 651 98% 177 522,419 368 96% 248 193,121 1,756 89%
101 195 1,546,159 2,124 99% 163 298,035 425 98% 254 93,304 651 98% 177 522,419 368 97% 248 187,599 1,416 89%
102 195 1,546,159 2,124 99% 163 298,035 425 98% 254 93,304 651 98% 177 487,136 255 97% 245 187,599 1,416 87%
103 194 1,528,093 2,520 99% 163 298,035 425 98% 254 94,324 538 98% 178 487,136 255 97% 245 187,599 1,416 87%
104 194 1,528,093 2,520 99% 163 302,141 623 98% 254 94,324 538 98% 178 487,136 255 97% 243 187,599 1,416 87%
105 194 1,528,093 2,520 99% 162 302,141 623 98% 252 94,324 538 97% 178 487,136 255 97% 243 191,904 1,671 87%
106 194 1,528,093 2,520 99% 162 302,141 623 98% 252 94,324 538 97% 178 463,859 255 97% 243 191,904 1,671 87%
107 195 1,529,679 1,841 99% 162 302,141 623 98% 252 93,616 340 97% 178 463,859 255 97% 243 191,904 1,671 87%
108 195 1,529,679 1,841 99% 162 297,639 368 98% 252 93,616 340 97% 178 463,859 255 97% 242 191,904 1,671 87%
109 193 1,529,679 1,841 99% 162 297,639 368 98% 251 93,616 340 97% 179 463,859 255 97% 242 184,966 1,586 87%
110 193 1,529,679 1,841 99% 162 297,639 368 98% 251 93,616 340 97% 179 462,528 142 97% 241 184,966 1,586 86%
111 192 1,435,129 1,472 98% 164 297,639 368 99% 250 93,616 340 97% 179 462,528 142 97% 241 184,966 1,586 86%
112 192 1,435,129 1,472 98% 164 291,806 651 99% 250 92,426 311 97% 179 462,528 142 97% 240 184,966 1,586 86%
113 193 1,435,129 1,472 98% 161 291,806 651 97% 250 92,426 311 97% 179 462,528 142 98% 240 184,966 1,586 86%
114 193 1,435,129 1,472 98% 161 291,806 651 97% 250 92,426 311 97% 179 457,063 368 98% 240 186,269 1,359 86%
115 192 1,435,129 1,472 98% 161 291,806 651 97% 249 93,899 198 96% 179 457,063 368 97% 240 186,269 1,359 86%
116 192 1,409,615 1,444 98% 161 293,391 538 97% 249 93,899 198 96% 179 457,063 368 97% 239 186,269 1,359 86%
117 192 1,409,615 1,444 98% 162 293,391 538 98% 249 93,899 198 96% 178 457,063 368 97% 239 186,269 1,359 86%
118 192 1,409,615 1,444 98% 162 293,391 538 98% 249 93,899 198 96% 178 441,574 198 97% 239 176,669 1,246 85%
119 192 1,409,615 1,444 98% 162 293,391 538 98% 250 94,522 283 97% 179 441,574 198 97% 239 176,669 1,246 85%
120 192 1,403,386 1,416 98% 162 291,523 481 98% 250 94,522 283 97% 179 441,574 198 97% 237 176,669 1,246 85%
121 192 1,403,386 1,416 98% 161 291,523 481 97% 247 94,522 283 96% 178 441,574 198 97% 237 176,669 1,246 85%
122 192 1,403,386 1,416 98% 161 291,523 481 97% 247 94,522 283 96% 178 430,105 170 97% 235 179,671 1,218 84%
123 191 1,300,312 1,388 97% 160 291,523 481 96% 248 94,125 227 96% 178 430,105 170 97% 235 179,671 1,218 84%
124 191 1,300,312 1,388 97% 160 292,882 453 96% 248 94,125 227 96% 178 430,105 170 97% 236 179,671 1,218 84%
125 191 1,300,312 1,388 97% 161 292,882 453 97% 247 94,125 227 96% 178 430,105 170 97% 236 179,671 1,218 84%
126 191 1,300,312 1,388 97% 161 292,882 453 97% 247 94,125 227 96% 178 406,744 170 97% 233 182,417 1,161 83%
127 190 1,259,791 1,133 97% 160 292,882 453 96% 247 92,568 368 96% 177 406,744 170 97% 233 182,417 1,161 83%
128 190 1,259,791 1,133 97% 160 291,183 340 96% 247 92,568 368 96% 177 406,744 170 97% 231 182,417 1,161 82%
129 189 1,259,791 1,133 96% 160 291,183 340 97% 247 92,568 368 96% 177 406,744 170 97% 231 182,417 1,161 82%
130 189 1,259,791 1,133 96% 160 291,183 340 97% 247 92,568 368 96% 177 394,653 170 97% 231 174,007 1,189 83%
131 189 3,718,830 16,509 96% 160 291,183 340 96% 245 92,568 368 95% 177 394,653 170 96% 231 174,007 1,189 83%
132 189 3,718,830 16,509 96% 160 308,994 368 96% 245 88,660 142 95% 177 394,653 170 96% 228 174,007 1,189 82%
133 189 3,718,830 16,509 96% 158 308,994 368 95% 245 88,660 142 95% 176 394,653 170 96% 228 174,007 1,189 82%
134 189 3,718,830 16,509 96% 158 308,994 368 95% 245 88,660 142 95% 176 392,416 481 96% 228 169,193 850 82%
135 188 3,718,830 16,509 96% 160 308,994 368 97% 243 88,660 142 94% 174 392,416 481 95% 228 169,193 850 82%
136 188 3,552,044 10,534 96% 160 297,158 425 97% 243 87,697 340 94% 174 392,416 481 95% 229 169,193 850 82%
137 187 3,552,044 10,534 95% 158 297,158 425 95% 243 87,697 340 94% 172 392,416 481 94% 229 169,193 850 82%
138 187 3,552,044 10,534 95% 158 297,158 425 95% 243 87,697 340 94% 172 394,143 113 94% 226 171,261 991 81%
139 188 3,552,044 10,534 96% 158 297,158 425 95% 244 87,697 340 94% 172 394,143 113 94% 226 171,261 991 81%
140 188 3,441,664 8,438 96% 158 296,025 680 95% 244 90,557 283 94% 172 394,143 113 94% 224 171,261 991 80%
141 186 3,441,664 8,438 95% 158 296,025 680 95% 243 90,557 283 94% 171 394,143 113 93% 224 171,261 991 80%
142 186 3,441,664 8,438 95% 158 296,025 680 95% 243 90,557 283 94% 171 392,501 142 93% 224 165,597 878 80%
143 184 3,441,664 8,438 94% 158 296,025 680 95% 243 90,557 283 94% 171 392,501 142 93% 224 165,597 878 80%
144 184 3,432,320 8,212 94% 158 283,877 453 95% 243 95,711 198 94% 171 392,501 142 93% 223 165,597 878 80%
145 185 3,432,320 8,212 94% 157 283,877 453 95% 244 95,711 198 94% 170 392,501 142 93% 223 165,597 878 80%
146 185 3,432,320 8,212 94% 157 283,877 453 95% 244 95,711 198 94% 170 385,138 113 93% 222 170,921 680 79%
147 185 3,432,320 8,212 94% 157 283,877 453 94% 240 95,711 198 93% 169 385,138 113 92% 222 170,921 680 79%
148 185 3,287,790 5,890 94% 157 282,263 255 94% 240 92,426 453 93% 169 385,138 113 92% 219 170,921 680 78%
149 185 3,287,790 5,890 94% 156 282,263 255 94% 243 92,426 453 94% 169 385,138 113 92% 219 170,921 680 78%
150 185 3,287,790 5,890 94% 156 282,263 255 94% 243 92,426 453 94% 169 447,690 4,332 92% 219 165,852 878 78%
151 184 3,287,790 5,890 94% 155 282,263 255 94% 241 92,426 453 93% 168 447,690 4,332 92% 219 165,852 878 78%
152 184 3,159,005 5,352 94% 155 276,939 311 94% 241 90,897 311 93% 168 447,690 4,332 92% 216 165,852 878 77%
153 184 3,159,005 5,352 94% 156 276,939 311 94% 239 90,897 311 93% 167 447,690 4,332 91% 216 165,852 878 77%
154 184 3,159,005 5,352 94% 156 276,939 311 94% 239 90,897 311 93% 167 5,384,600 214,359 91% 218 161,067 878 78%
155 185 3,159,005 5,352 94% 155 276,939 311 93% 242 90,897 311 94% 165 5,384,600 214,359 90% 218 161,067 878 78%
156 185 3,115,086 4,502 94% 155 272,182 198 93% 242 90,614 227 94% 165 5,384,600 214,359 90% 215 161,067 878 77%
157 184 3,115,086 4,502 94% 155 272,182 198 93% 239 90,614 227 93% 167 5,384,600 214,359 91% 215 161,067 878 77%
158 184 3,115,086 4,502 94% 155 272,182 198 93% 239 90,614 227 93% 167 5,460,150 191,451 91% 214 160,783 736 77%
159 184 3,115,086 4,502 94% 155 272,182 198 93% 240 90,614 227 93% 166 5,460,150 191,451 91% 214 160,783 736 77%









161 183 3,121,287 3,879 93% 155 302,934 538 93% 240 91,690 283 93% 165 5,460,150 191,451 90% 212 160,783 736 76%
162 183 3,121,287 3,879 93% 155 302,934 538 93% 240 91,690 283 93% 165 5,237,041 154,922 90% 211 162,539 680 75%
163 182 3,121,287 3,879 93% 153 302,934 538 92% 239 91,690 283 93% 164 5,237,041 154,922 89% 211 162,539 680 75%
164 182 2,961,608 4,332 93% 153 297,582 396 92% 239 90,218 170 93% 164 5,237,041 154,922 89% 211 162,539 680 75%
165 182 2,961,608 4,332 93% 153 297,582 396 92% 239 90,218 170 93% 164 5,237,041 154,922 89% 211 162,539 680 75%
166 182 2,961,608 4,332 93% 153 297,582 396 92% 239 90,218 170 93% 164 5,137,252 141,075 89% 210 159,764 510 75%
167 182 2,961,608 4,332 93% 153 297,582 396 92% 239 90,218 170 92% 164 5,137,252 141,075 89% 210 159,764 510 75%
168 182 2,911,544 3,426 93% 153 294,043 227 92% 239 86,367 113 92% 164 5,137,252 141,075 89% 207 159,764 510 74%
169 181 2,911,544 3,426 92% 152 294,043 227 92% 238 86,367 113 92% 164 5,137,252 141,075 89% 207 159,764 510 74%
170 181 2,911,544 3,426 92% 152 294,043 227 92% 238 86,367 113 92% 164 5,137,252 141,075 89% 205 155,941 538 73%
171 181 2,911,544 3,426 92% 152 294,043 227 91% 241 86,367 113 93% 164 5,031,064 124,991 89% 205 155,941 538 73%
172 181 2,781,994 2,549 92% 152 303,161 283 91% 241 85,036 170 93% 164 5,031,064 124,991 89% 204 155,941 538 73%
173 178 2,781,994 2,549 91% 150 303,161 283 90% 240 85,036 170 93% 165 5,031,064 124,991 90% 204 155,941 538 73%
174 178 2,781,994 2,549 91% 150 303,161 283 90% 240 85,036 170 93% 165 5,031,064 124,991 90% 204 154,752 538 73%
175 179 2,781,994 2,549 91% 149 303,161 283 90% 239 85,036 170 93% 163 4,701,285 90,218 89% 204 154,752 538 73%
176 179 2,798,843 2,775 91% 149 311,712 283 90% 239 83,535 283 93% 163 4,701,285 90,218 89% 201 154,752 538 72%
177 176 2,798,843 2,775 90% 149 311,712 283 90% 240 83,535 283 93% 163 4,701,285 90,218 89% 201 154,752 538 72%
178 176 2,798,843 2,775 90% 149 311,712 283 90% 240 83,535 283 93% 163 4,701,285 90,218 89% 201 152,940 396 72%
179 176 2,798,843 2,775 90% 148 311,712 283 89% 241 85,885 170 93% 161 4,509,806 66,120 88% 201 152,940 396 72%
180 176 2,673,710 2,379 90% 148 308,088 311 89% 241 85,885 170 93% 161 4,509,806 66,120 88% 199 152,940 396 71%
181 176 2,673,710 2,379 90% 149 308,088 311 90% 239 85,885 170 92% 161 4,509,806 66,120 88% 199 152,940 396 71%
182 176 2,673,710 2,379 90% 149 308,088 311 90% 239 85,885 170 92% 161 4,509,806 66,120 88% 198 150,872 453 71%
183 175 2,673,710 2,379 89% 149 308,088 311 90% 240 85,885 170 93% 160 4,317,082 51,593 87% 198 150,872 453 71%
184 175 2,531,871 1,926 89% 149 310,665 311 90% 240 81,156 113 93% 160 4,317,082 51,593 87% 198 150,872 453 71%
185 173 2,531,871 1,926 88% 147 310,665 311 89% 238 81,156 113 92% 159 4,317,082 51,593 87% 198 150,872 453 71%
186 173 2,531,871 1,926 88% 147 310,665 311 89% 238 81,156 113 92% 159 4,317,082 51,593 87% 196 150,872 453 70%
187 171 2,531,871 1,926 87% 146 310,665 311 88% 241 81,156 113 93% 159 4,113,058 36,840 87% 196 150,334 538 70%
188 171 2,396,799 1,501 87% 146 313,808 396 88% 241 76,484 198 93% 159 4,113,058 36,840 87% 194 150,334 538 69%
189 170 2,396,799 1,501 86% 148 313,808 396 89% 238 76,484 198 92% 159 4,113,058 36,840 87% 194 150,334 538 69%
190 170 2,396,799 1,501 86% 148 313,808 396 89% 238 76,484 198 92% 159 4,113,058 36,840 87% 194 150,334 538 69%
191 167 2,396,799 1,501 85% 146 313,808 396 88% 237 76,484 198 92% 158 3,933,614 30,724 86% 194 148,777 396 69%
192 167 2,313,293 1,501 85% 146 304,039 311 88% 237 84,441 113 92% 158 3,933,614 30,724 86% 195 148,777 396 70%
193 164 2,313,293 1,501 83% 146 304,039 311 88% 237 84,441 113 92% 158 3,933,614 30,724 86% 195 148,777 396 70%
194 164 2,313,293 1,501 83% 146 304,039 311 88% 237 84,441 113 92% 158 3,933,614 30,724 86% 193 148,777 396 69%
195 165 2,313,293 1,501 84% 145 304,039 311 88% 237 84,441 113 92% 155 3,784,639 22,172 84% 193 143,878 453 69%
196 165 2,230,975 1,303 84% 145 303,444 340 88% 237 89,510 170 92% 155 3,784,639 22,172 84% 193 143,878 453 69%
197 163 2,230,975 1,303 83% 145 303,444 340 87% 238 89,510 170 92% 156 3,784,639 22,172 85% 193 143,878 453 69%
198 163 2,230,975 1,303 83% 145 303,444 340 87% 238 89,510 170 92% 156 3,784,639 22,172 85% 192 143,878 453 69%
199 162 2,230,975 1,303 83% 145 303,444 340 87% 237 89,510 170 92% 155 3,747,657 20,870 84% 192 145,407 255 69%
200 162 2,140,418 878 83% 145 291,154 368 87% 237 127,681 170 92% 155 3,747,657 20,870 84% 189 145,407 255 68%
201 161 2,140,418 878 82% 146 291,154 368 88% 237 127,681 170 92% 155 3,747,657 20,870 84% 189 145,407 255 68%
202 161 2,140,418 878 82% 146 291,154 368 88% 237 127,681 170 92% 155 3,747,657 20,870 84% 190 145,407 255 68%
203 158 2,140,418 878 81% 145 291,154 368 87% 237 127,681 170 92% 153 3,522,538 19,624 83% 190 139,319 368 68%
204 158 2,008,121 680 81% 145 289,880 283 87% 237 227,526 906 92% 153 3,522,538 19,624 83% 189 139,319 368 67%
205 158 2,008,121 680 80% 143 289,880 283 86% 235 227,526 906 91% 154 3,522,538 19,624 84% 189 139,319 368 67%
206 158 2,008,121 680 80% 143 289,880 283 86% 235 227,526 906 91% 154 3,522,538 19,624 84% 187 139,319 368 67%
207 157 2,008,121 680 80% 144 289,880 283 87% 235 227,526 906 91% 154 3,492,380 16,480 84% 187 142,321 453 67%
208 157 1,939,000 651 80% 144 280,139 340 87% 235 387,290 1,586 91% 154 3,492,380 16,480 84% 186 142,321 453 67%
209 157 1,939,000 651 80% 144 280,139 340 87% 233 387,290 1,586 90% 154 3,492,380 16,480 84% 186 142,321 453 67%
210 157 1,939,000 651 80% 144 280,139 340 87% 233 387,290 1,586 90% 154 3,492,380 16,480 84% 186 142,321 453 66%
211 155 1,939,000 651 79% 145 280,139 340 87% 233 387,290 1,586 90% 151 3,349,125 16,112 82% 186 141,754 255 66%
212 155 1,978,502 623 79% 145 284,811 396 87% 233 473,006 2,067 90% 151 3,349,125 16,112 82% 185 141,754 255 66%
213 154 1,978,502 623 78% 143 284,811 396 86% 231 473,006 2,067 90% 151 3,349,125 16,112 82% 185 141,754 255 66%
214 154 1,978,502 623 78% 143 284,811 396 86% 231 473,006 2,067 90% 151 3,349,125 16,112 82% 184 141,754 255 66%
215 154 1,978,502 623 79% 143 284,811 396 86% 231 473,006 2,067 89% 150 3,283,939 13,167 82% 184 137,875 198 66%
216 154 1,876,108 651 79% 143 274,136 142 86% 231 547,083 2,209 89% 150 3,283,939 13,167 82% 182 137,875 198 65%
217 153 1,876,108 651 78% 143 274,136 142 86% 229 547,083 2,209 89% 148 3,283,939 13,167 81% 182 137,875 198 65%
218 153 1,876,108 651 78% 143 274,136 142 86% 229 547,083 2,209 89% 148 3,283,939 13,167 81% 181 137,875 198 65%
219 152 1,876,108 651 78% 143 274,136 142 86% 229 547,083 2,209 89% 148 3,195,421 12,006 81% 181 141,896 283 65%
220 152 1,857,702 396 78% 143 265,981 142 86% 229 578,033 1,841 89% 149 3,195,421 12,006 81% 181 141,896 283 65%
221 151 1,857,702 396 77% 144 265,981 142 87% 229 578,033 1,841 89% 149 3,195,421 12,006 81% 181 141,896 283 65%
222 151 1,857,702 396 77% 144 265,981 142 87% 229 578,033 1,841 89% 151 3,195,421 12,006 82% 180 141,896 283 64%
223 151 1,857,702 396 77% 143 265,981 142 86% 227 578,033 1,841 88% 151 3,122,505 11,667 82% 180 132,693 311 64%
224 151 1,799,058 453 77% 143 287,105 340 86% 227 595,335 2,067 88% 151 3,122,505 11,667 82% 179 132,693 311 64%
225 151 1,799,058 453 77% 143 287,105 340 86% 226 595,335 2,067 88% 150 3,122,505 11,667 82% 179 132,693 311 64%
226 151 1,799,058 453 77% 143 287,105 340 86% 226 595,335 2,067 88% 150 3,122,505 11,667 82% 178 132,693 311 64%
227 153 1,799,058 453 78% 143 287,105 340 86% 226 595,335 2,067 87% 149 3,030,078 10,817 81% 178 134,930 311 64%
228 153 1,696,381 538 78% 143 276,260 142 86% 226 595,193 1,671 87% 149 3,030,078 10,817 81% 177 134,930 311 63%
229 153 1,696,381 538 78% 144 276,260 142 87% 224 595,193 1,671 87% 150 3,030,078 10,817 82% 177 134,930 311 63%
230 153 1,696,381 538 78% 144 276,260 142 87% 224 595,193 1,671 87% 150 3,030,078 10,817 82% 176 134,930 311 63%
231 153 1,696,381 538 78% 143 276,260 142 86% 224 595,193 1,671 87% 150 2,969,169 9,005 82% 176 138,555 142 63%
232 153 1,708,982 510 78% 143 263,007 311 86% 224 620,253 1,784 87% 150 2,969,169 9,005 82% 173 138,555 142 62%
233 154 1,708,982 510 78% 143 263,007 311 86% 223 620,253 1,784 86% 150 2,969,169 9,005 82% 173 138,555 142 62%
234 154 1,708,982 510 78% 143 263,007 311 86% 223 620,253 1,784 86% 149 2,969,169 9,005 81% 174 138,555 142 62%
235 153 1,708,982 510 78% 143 263,007 311 86% 221 620,253 1,784 85% 149 2,839,874 6,853 81% 174 137,365 227 62%
236 153 1,624,484 340 78% 143 250,859 170 86% 221 659,019 1,699 85% 149 2,839,874 6,853 81% 172 137,365 227 61%
237 153 1,624,484 340 78% 143 250,859 170 86% 220 659,019 1,699 85% 149 2,839,874 6,853 81% 172 137,365 227 61%
238 153 1,624,484 340 78% 143 250,859 170 86% 220 659,019 1,699 85% 148 2,839,874 6,853 80% 171 137,365 227 61%
239 152 1,624,484 340 78% 143 250,859 170 86% 218 659,019 1,699 84% 147 2,678,099 6,343 80% 171 134,420 170 61%









241 154 1,532,567 340 78% 143 261,875 85 86% 216 670,318 1,246 84% 148 2,678,099 6,343 80% 170 134,420 170 61%
242 154 1,532,567 340 78% 143 261,875 85 86% 216 670,318 1,246 84% 148 2,678,099 6,343 80% 168 134,420 170 60%
243 153 1,532,567 340 78% 142 261,875 85 86% 216 670,318 1,246 84% 146 2,620,899 4,304 80% 168 132,665 368 60%
244 153 1,532,567 340 78% 142 259,977 198 86% 216 694,245 1,331 84% 146 2,620,899 4,304 80% 168 132,665 368 60%
245 153 1,520,221 340 78% 143 259,977 198 86% 213 694,245 1,331 83% 146 2,620,899 4,304 80% 168 132,665 368 60%
246 153 1,520,221 340 78% 143 259,977 198 86% 213 694,245 1,331 83% 146 2,620,899 4,304 79% 166 132,665 368 59%
247 152 1,520,221 340 77% 142 259,977 198 86% 214 694,245 1,331 83% 146 2,498,259 3,681 79% 166 124,481 340 59%
248 152 1,445,040 396 77% 142 243,412 170 86% 214 728,537 1,331 83% 145 2,498,259 3,681 79% 166 124,481 340 60%
249 151 1,445,040 396 77% 142 243,412 170 86% 213 728,537 1,331 82% 145 2,498,259 3,681 79% 166 124,481 340 60%
250 151 1,445,040 396 77% 142 243,412 170 86% 213 728,537 1,331 82% 145 2,498,259 3,681 79% 163 124,481 340 58%
251 151 1,445,040 396 77% 143 243,412 170 86% 210 728,537 1,331 81% 145 2,342,799 2,633 79% 163 124,481 340 58%
252 151 1,445,040 396 77% 143 246,895 142 86% 210 747,028 1,274 81% 145 2,342,799 2,633 79% 164 130,937 198 59%
253 149 3,400,378 14,753 76% 141 246,895 142 85% 209 747,028 1,274 81% 145 2,342,799 2,633 79% 164 130,937 198 59%
254 149 3,400,378 14,753 76% 141 246,895 142 85% 209 747,028 1,274 81% 143 2,342,799 2,633 78% 162 130,937 198 58%
255 149 3,400,378 14,753 76% 142 246,895 142 86% 207 747,028 1,274 80% 143 2,272,941 2,605 78% 162 130,937 198 58%
256 149 3,400,378 14,753 76% 142 248,849 311 86% 207 745,386 1,161 80% 144 2,272,941 2,605 78% 161 126,520 113 58%
257 148 3,260,295 9,883 75% 142 248,849 311 86% 207 745,386 1,161 80% 144 2,272,941 2,605 78% 161 126,520 113 58%
258 148 3,260,295 9,883 75% 142 248,849 311 86% 207 745,386 1,161 80% 142 2,272,941 2,605 77% 160 126,520 113 57%
259 146 3,260,295 9,883 74% 141 248,849 311 85% 205 745,386 1,161 79% 142 2,186,263 2,152 77% 160 126,520 113 57%
260 146 3,260,295 9,883 74% 141 244,743 538 85% 205 714,011 934 79% 143 2,186,263 2,152 78% 159 126,633 85 57%
261 144 3,248,657 8,070 73% 141 244,743 538 85% 203 714,011 934 79% 143 2,186,263 2,152 78% 159 126,633 85 57%
262 144 3,248,657 8,070 73% 141 244,743 538 85% 203 714,011 934 79% 143 2,186,263 2,152 78% 158 126,633 85 57%
263 143 3,248,657 8,070 73% 142 244,743 538 86% 204 714,011 934 79% 143 2,186,263 2,152 78% 158 126,633 85 57%
264 143 3,248,657 8,070 73% 142 238,060 227 86% 204 695,038 934 79% 143 2,136,510 2,039 78% 157 129,550 142 56%
265 144 2,988,141 6,541 73% 141 238,060 227 85% 199 695,038 934 77% 143 2,136,510 2,039 78% 157 129,550 142 56%
266 144 2,988,141 6,541 73% 141 238,060 227 85% 199 695,038 934 77% 143 2,136,510 2,039 78% 158 129,550 142 56%
267 143 2,988,141 6,541 73% 139 238,060 227 84% 199 695,038 934 77% 143 2,136,510 2,039 78% 158 129,550 142 56%
268 143 2,988,141 6,541 73% 139 238,372 651 84% 199 651,034 736 77% 143 2,095,422 2,067 78% 157 121,678 85 56%
269 143 3,009,265 6,286 73% 141 238,372 651 85% 197 651,034 736 76% 143 2,095,422 2,067 78% 157 121,678 85 56%
270 143 3,009,265 6,286 73% 141 238,372 651 85% 197 651,034 736 76% 143 2,095,422 2,067 78% 157 121,678 85 56%
271 143 3,009,265 6,286 73% 141 238,372 651 85% 197 651,034 736 76% 143 2,095,422 2,067 78% 157 121,678 85 56%
272 143 3,009,265 6,286 73% 141 217,502 368 85% 197 628,210 595 76% 142 2,008,886 1,926 77% 155 119,979 85 56%
273 143 2,829,963 4,276 73% 141 217,502 368 85% 197 628,210 595 76% 142 2,008,886 1,926 77% 155 119,979 85 56%
274 143 2,829,963 4,276 73% 141 217,502 368 85% 197 628,210 595 76% 141 2,008,886 1,926 77% 156 119,979 85 56%
275 142 2,829,963 4,276 72% 140 217,502 368 84% 195 628,210 595 76% 141 2,008,886 1,926 77% 156 119,979 85 56%
276 142 2,829,963 4,276 72% 140 224,978 623 84% 195 597,826 623 76% 141 1,995,775 1,444 77% 155 126,718 113 55%
277 141 2,830,897 4,191 72% 140 224,978 623 84% 196 597,826 623 76% 141 1,995,775 1,444 77% 155 126,718 113 55%
278 141 2,830,897 4,191 72% 140 224,978 623 84% 196 597,826 623 76% 142 1,995,775 1,444 77% 155 126,718 113 55%
279 141 2,830,897 4,191 72% 140 224,978 623 84% 193 597,826 623 75% 142 1,995,775 1,444 77% 154 126,718 113 55%
280 141 2,830,897 4,191 72% 140 223,109 340 84% 193 564,554 566 75% 141 1,961,852 1,727 77% 154 118,138 57 55%
281 140 2,712,363 4,304 71% 140 223,109 340 84% 184 564,554 566 71% 141 1,961,852 1,727 77% 153 118,138 57 55%
282 140 2,712,363 4,304 71% 140 223,109 340 84% 184 564,554 566 71% 140 1,961,852 1,727 76% 153 118,138 57 55%
283 140 2,712,363 4,304 72% 140 223,109 340 84% 192 564,554 566 74% 140 1,961,852 1,727 76% 152 118,138 57 54%
284 140 2,712,363 4,304 72% 140 227,809 368 84% 192 547,479 368 74% 142 1,897,176 1,218 77% 152 120,602 113 54%
285 139 2,579,953 3,171 71% 141 227,809 368 85% 191 547,479 368 74% 142 1,897,176 1,218 77% 151 120,602 113 54%
286 139 2,579,953 3,171 71% 141 227,809 368 85% 191 547,479 368 74% 141 1,897,176 1,218 77% 151 120,602 113 54%
287 138 2,579,953 3,171 71% 140 227,809 368 84% 191 547,479 368 74% 141 1,897,176 1,218 77% 149 120,602 113 53%
288 138 2,579,953 3,171 71% 140 222,203 368 84% 191 521,173 368 74% 140 1,921,358 1,331 76% 149 121,395 28 53%
289 137 2,628,545 3,228 70% 140 222,203 368 84% 188 521,173 368 73% 140 1,921,358 1,331 76% 150 121,395 28 54%
290 140 222,203 368 84% 188 521,173 368 73% 141 1,921,358 1,331 77% 150 121,395 28 54%
291 139 222,203 368 84% 188 521,173 368 73% 141 1,921,358 1,331 77% 148 121,395 28 53%
292 139 222,203 368 84% 188 506,080 227 73% 140 1,818,653 1,359 76% 148 119,016 57 53%
293 140 222,118 255 84% 186 506,080 227 72% 140 1,818,653 1,359 76% 148 119,016 57 53%
294 140 222,118 255 84% 186 506,080 227 72% 140 1,818,653 1,359 76% 148 119,016 57 53%
295 138 222,118 255 83% 185 506,080 227 72% 140 1,818,653 1,359 76% 148 119,016 57 53%
296 138 222,118 255 83% 185 506,080 227 72% 140 1,754,827 1,331 76%
297 138 208,469 227 83% 184 471,986 538 71% 140 1,754,827 1,331 76%
298 138 208,469 227 83% 184 471,986 538 71% 139 1,754,827 1,331 76%
299 138 208,469 227 83% 184 471,986 538 71% 139 1,754,827 1,331 76%
300 138 208,469 227 83% 184 455,223 227 71% 137 1,674,775 963 75%
301 138 216,823 425 83% 182 455,223 227 71% 137 1,674,775 963 75%
302 138 216,823 425 83% 182 455,223 227 71% 138 1,674,775 963 75%
303 139 216,823 425 84% 182 455,223 227 71% 138 1,674,775 963 75%
304 139 212,235 340 84% 182 429,567 198 71% 136 1,626,155 595 74%
305 140 212,235 340 84% 181 429,567 198 70% 136 1,626,155 595 74%
306 140 212,235 340 84% 181 429,567 198 70% 136 1,626,155 595 74%
307 138 212,235 340 83% 180 429,567 198 70% 136 1,626,155 595 74%
308 138 212,235 340 83% 180 401,590 255 70% 135 1,537,976 538 74%
309 138 203,683 198 83% 178 401,590 255 69% 135 1,537,976 538 74%
310 138 203,683 198 83% 178 401,590 255 69% 135 1,537,976 538 73%
311 137 203,683 198 82% 177 401,590 255 68% 135 1,537,976 538 73%
312 137 203,683 198 82% 177 401,590 255 68% 133 1,465,881 311 73%
313 137 202,664 283 83% 176 387,970 311 68% 133 1,465,881 311 73%
314 137 202,664 283 83% 176 387,970 311 68% 132 1,465,881 311 72%
315 137 202,664 283 83% 174 387,970 311 67% 132 1,465,881 311 72%
316 137 202,664 283 83% 174 387,970 311 67% 130 1,446,031 283 71%
317 138 203,230 340 83% 172 364,807 311 67% 130 1,446,031 283 71%
318 138 203,230 340 83% 172 364,807 311 67% 129 1,446,031 283 70%
319 137 203,230 340 82% 169 364,807 311 65% 129 1,446,031 283 70%









321 138 200,569 113 83% 169 343,399 255 65% 128 1,399,676 255 70%
322 138 200,569 113 83% 169 343,399 255 65% 127 1,399,676 255 69%
323 138 200,569 113 83% 166 343,399 255 64% 127 1,399,676 255 69%
324 138 200,569 113 83% 166 343,399 255 64% 127 1,384,328 538 69%
325 137 191,281 340 82% 163 339,859 340 63% 127 1,384,328 538 69%
326 137 191,281 340 82% 163 339,859 340 63% 126 1,384,328 538 69%
327 136 191,281 340 82% 161 339,859 340 62% 126 1,384,328 538 69%
328 136 191,281 340 82% 161 339,859 340 62% 126 1,398,062 311 68%
329 137 186,523 255 82% 160 321,510 227 62% 126 1,398,062 311 68%
330 137 186,523 255 82% 160 321,510 227 62% 126 1,398,062 311 68%
331 136 186,523 255 82% 158 321,510 227 61% 126 1,398,062 311 68%
332 136 186,523 255 82% 158 321,510 227 61% 125 4,522,153 149,060 68%
333 136 185,277 283 82% 157 311,939 340 61% 125 4,522,153 149,060 68%
334 136 185,277 283 82% 157 311,939 340 61% 124 4,522,153 149,060 67%
335 135 185,277 283 82% 156 311,939 340 61% 124 4,522,153 149,060 67%
336 135 185,277 283 82% 156 311,939 340 61% 123 5,190,007 147,474 67%
337 135 189,157 255 81% 156 295,402 142 60% 123 5,190,007 147,474 67%
338 135 189,157 255 81% 156 295,402 142 60% 124 5,190,007 147,474 67%
339 135 189,157 255 82% 124 5,190,007 147,474 67%
340 135 189,157 255 82% 123 5,055,615 126,350 67%
341 134 190,743 283 81% 123 5,055,615 126,350 67%
342 134 190,743 283 81% 122 5,055,615 126,350 66%
343 135 190,743 283 81% 122 5,055,615 126,350 66%
344 135 190,743 283 81% 122 4,924,168 110,039 67%
345 136 180,124 227 82% 122 4,924,168 110,039 67%
346 136 180,124 227 82% 121 4,924,168 110,039 66%
347 135 180,124 227 81% 121 4,924,168 110,039 66%
348 135 180,124 227 81% 121 4,834,460 98,203 66%
349 134 184,626 113 81% 121 4,834,460 98,203 66%
350 134 184,626 113 81% 122 4,834,460 98,203 66%
351 134 184,626 113 81% 122 4,834,460 98,203 66%
352 134 184,626 113 81% 122 4,600,505 79,712 66%
353 134 181,823 311 81% 122 4,600,505 79,712 66%
354 134 181,823 311 81% 122 4,600,505 79,712 67%
355 133 181,823 311 80% 122 4,600,505 79,712 67%
356 133 181,823 311 80% 121 4,374,622 60,626 66%
357 132 174,262 142 80% 121 4,374,622 60,626 66%
358 132 174,262 142 80% 121 4,374,622 60,626 66%
359 133 174,262 142 80% 121 4,374,622 60,626 66%
360 133 174,262 142 80% 120 4,374,622 60,626 65%
361 133 183,409 255 80% 120 4,339,169 42,022 65%
362 133 183,409 255 80% 118 4,339,169 42,022 64%
363 134 183,409 255 81% 118 4,339,169 42,022 64%
364 134 183,409 255 81% 118 4,339,169 42,022 64%
365 133 173,186 142 80% 118 3,984,641 32,876 64%
366 133 173,186 142 80% 119 3,984,641 32,876 65%
367 133 173,186 142 80% 119 3,984,641 32,876 65%
368 133 173,186 142 80% 118 3,984,641 32,876 64%
369 133 181,313 142 80% 118 3,807,632 22,993 64%
370 133 181,313 142 80% 118 3,807,632 22,993 64%
371 133 181,313 142 80% 118 3,807,632 22,993 64%
372 133 181,313 142 80% 117 3,686,747 18,434 64%
373 133 168,854 170 80% 117 3,686,747 18,434 64%
374 133 168,854 170 80% 115 3,686,747 18,434 63%
375 134 168,854 170 81% 115 3,686,747 18,434 63%
376 134 168,854 170 81% 114 3,686,747 18,434 62%
377 133 167,693 198 80% 114 3,668,285 16,849 62%
378 133 167,693 198 80% 115 3,668,285 16,849 63%
379 133 167,693 198 80% 115 3,668,285 16,849 63%
380 133 167,693 198 80% 116 3,668,285 16,849 63%
381 133 164,210 170 80% 116 3,551,053 14,753 63%
382 133 164,210 170 80% 114 3,551,053 14,753 62%
383 132 164,210 170 79% 114 3,551,053 14,753 62%
384 132 164,210 170 79% 114 3,551,053 14,753 62%
385 131 154,752 227 79% 114 3,272,471 12,459 62%
386 131 154,752 227 79% 113 3,272,471 12,459 62%
387 131 154,752 227 79% 113 3,272,471 12,459 62%
388 131 154,752 227 79% 113 3,272,471 12,459 62%
389 131 156,904 113 79% 113 3,221,557 10,477 62%
390 131 156,904 113 79% 112 3,221,557 10,477 61%
391 132 156,904 113 80% 112 3,221,557 10,477 61%
392 132 156,904 113 80% 112 3,221,557 10,477 61%
393 132 151,580 142 79% 112 3,160,534 10,874 61%
394 132 151,580 142 79% 112 3,160,534 10,874 61%
395 133 151,580 142 80% 112 3,160,534 10,874 61%
396 133 151,580 142 80% 112 3,160,534 10,874 61%
397 131 152,911 311 79% 112 3,104,127 9,713 61%
398 131 152,911 311 79% 111 3,104,127 9,713 61%
399 131 152,911 311 79% 111 3,104,127 9,713 61%








401 131 141,669 198 79% 111 2,983,044 8,127 60%
402 131 141,669 198 79% 111 2,983,044 8,127 60%
403 131 141,669 198 79% 111 2,983,044 8,127 60%
404 131 141,669 198 79% 110 2,983,044 8,127 60%
405 131 145,577 113 79% 110 2,893,648 7,702 60%
406 131 145,577 113 79% 110 2,893,648 7,702 60%
407 131 145,577 113 79% 110 2,893,648 7,702 60%
408 131 145,577 113 79% 110 2,893,648 7,702 60%
409 132 142,717 198 79% 110 2,922,361 7,164 60%
410 132 142,717 198 79% 109 2,922,361 7,164 59%
411 132 142,717 198 79% 109 2,922,361 7,164 59%
412 132 142,717 198 79% 109 2,922,361 7,164 59%
413 133 145,832 198 80% 109 2,770,044 5,805 59%
414 107 2,770,044 5,805 58%
415 107 2,770,044 5,805 58%
416 108 2,770,044 5,805 59%
417 108 2,614,924 4,842 59%
418 107 2,614,924 4,842 58%
419 107 2,614,924 4,842 58%
420 107 2,614,924 4,842 58%
421 107 2,510,322 2,803 58%
422 106 2,510,322 2,803 58%
423 106 2,510,322 2,803 58%
424 105 2,510,322 2,803 57%
425 105 2,407,871 2,747 57%
426 105 2,407,871 2,747 57%
427 105 2,407,871 2,747 57%
428 104 2,407,871 2,747 56%
429 104 2,282,059 2,265 56%
430 103 2,282,059 2,265 56%
431 103 2,282,059 2,265 56%
432 103 2,282,059 2,265 56%
433 103 2,219,479 1,557 56%
434 102 2,219,479 1,557 56%
435 102 2,219,479 1,557 56%
436 101 2,219,479 1,557 55%
437 101 2,219,479 1,557 55%
438 101 2,082,736 1,642 55%
439 101 2,082,736 1,642 55%
440 101 2,082,736 1,642 55%
441 101 2,082,736 1,642 55%
442 100 2,063,028 1,699 55%
443 100 2,063,028 1,699 55%
444 100 2,063,028 1,699 54%
445 100 2,063,028 1,699 54%
446 100 1,952,960 1,246 54%
447 100 1,952,960 1,246 54%
448 100 1,952,960 1,246 54%
449 100 1,952,960 1,246 54%
450 99 1,947,523 1,331 54%
451 99 1,947,523 1,331 54%
452 99 1,947,523 1,331 54%
453 99 1,947,523 1,331 54%
454 98 1,922,491 1,104 53%
455 98 1,922,491 1,104 53%






Draeger IAQ Data 
Below is the data gathered by the Draeger Chip Management System during 
testing. 
 
Galson Labs Data 
Below are Galson Laboratories’ results for 24 hour average VOC concentrations 
in the environmental chamber. 
  
Toluene (ppm) TVOC (ppm) Toluene (ppm) TVOC (ppm) Toluene (ppm) TVOC (ppm)
0 3.6 0 1.9 0 13.1
164 179.6 177 155.5 169 209.1
93 176.2 148 189.6 193 226.1
85 135.8 124 192.9 169 256.7
59 98.8 180 194 150 249.5
126 189.2 114 241.9
99 156.5 128 231.3
68 131.1 102 191.3
84 144.3 41 140.3
83 135.4
2/7/2014 2/20/20141/31/2014



















Methyl Tert-Butyl Ether <5.0
1,1-Dichloroethane <5.0
Vinyl Acetate <5.0






















Methyl Isobutyl Ketone <20






















Optima Temperature and Relative Humidity Data 
Below is the temperature and relative humidity data gathered by the Aircuity Optima unit 
during testing. 
   
Time (mins.) Temp RH Time (mins.) Temp RH
-15 73.7 24.5 -1 74.5 21.5
-14 73.3 24.3 0 74.5 21.5
-13 73.2 24.7 1 74.5 21.4
-12 73.2 24.9 2 74.6 21.4
-11 73.0 25.1 3 74.2 21.5
-10 73.1 25.2 4 73.9 21.4
-9 72.7 25.3 5 74.4 21.3
-8 73.4 25.3 6 74.4 21.2
-7 73.4 25.8 7 74.0 21.1
-6 72.9 26.6 8 73.7 21.1
-5 73.4 27.3 9 73.0 21.4
-4 73.4 28.4 10 72.8 21.3
-3 73.2 29.6 11 72.7 21.6
-2 73.0 30.4 12 72.8 21.6
-1 73.1 31.2 13 72.8 21.7
0 73.2 31.8 14 72.8 21.8
1 73.1 32.7 15 73.1 22.2
2 72.2 33.6 16 73.2 22.2
3 71.9 34.3 17 73.1 22.3
4 72.2 34.3 18 73.0 22.3
5 73.0 32.3 19 73.8 21.9
6 72.9 32.1 20 74.6 21.4
7 72.2 33.0 21 74.5 21.5
8 72.6 33.8 22 74.4 21.5
9 73.3 33.5 23 74.5 21.5
10 73.3 33.5 24 75.0 21.6
11 73.1 34.2 25 74.4 21.9
12 73.3 33.8 26 74.5 21.7
13 72.5 34.9 27 74.8 21.6
14 72.9 35.4 28 74.3 22.0
15 72.8 36.0 29 75.0 22.0
16 72.8 36.5 30 75.0 22.0
17 72.5 37.4 31 74.9 22.2
18 73.1 37.6 32 75.0 21.9
19 73.5 38.0 33 75.0 22.1
20 73.5 37.9 34 74.5 22.5
21 73.6 39.8 35 74.2 22.8
22 73.5 43.3 36 74.5 22.7
23 73.0 45.1 37 75.5 22.4
24 73.2 46.6 38 75.4 22.4
25 73.3 47.2 39 74.8 22.4
26 73.1 48.3 40 74.7 22.9
27 72.9 49.3 41 75.1 23.0
28 72.9 50.7 42 75.2 22.8
29 73.0 51.4 43 75.5 22.6
30 72.9 51.3 44 75.7 22.4
31 73.2 51.6 45 74.9 22.8
32 73.2 52.4 46 75.0 23.2
33 73.3 53.3 47 74.5 23.3
34 72.9 54.0 48 75.3 23.2
35 73.0 54.3 49 75.7 22.8
36 73.2 54.4 50 75.8 22.9
37 72.4 55.8 51 75.3 22.9
38 72.4 56.0 52 74.8 23.4
39 72.0 56.7 53 75.0 23.4
40 71.5 58.0 54 74.8 23.7
41 71.5 58.1 55 74.9 23.9
42 71.5 58.0 56 75.0 23.8
43 71.7 57.7 57 75.1 23.7
44 71.7 57.6 58 74.6 23.8
45 71.5 58.4 59 74.5 24.0
46 71.6 58.2 60 74.5 24.0
47 71.5 58.6 61 74.8 24.0
48 71.3 58.6 62 74.7 24.1
49 71.2 58.7 63 74.9 24.3
50 71.3 58.5 64 75.4 23.9
51 71.2 59.0 65 74.7 24.2
52 71.3 57.8 66 74.7 24.2
53 72.1 57.0 68 74.9 24.2
54 72.8 56.5 69 75.1 24.1
55 72.8 56.2 70 75.1 24.1
56 72.4 56.6 70 74.8 24.3
57 72.5 56.4 72 75.3 24.1
58 72.5 56.2 73 75.4 24.0
59 72.2 57.2 73 75.0 24.2
60 72.2 57.2 75 74.9 24.3
61 72.3 57.1 76 75.2 24.3
62 72.5 56.5 77 75.3 24.4
63 72.4 56.7 78 75.3 24.2
64 72.5 56.5 79 74.9 24.5
65 72.9 56.2 80 76.0 24.1
With Biowall 2/7/14 Without Biowall 2/11/14
66 72.6 56.9 81 75.1 24.3
67 72.6 56.5 82 75.7 24.4
68 72.9 56.5 83 75.4 24.4
69 73.2 56.0 84 75.4 24.3
70 73.3 56.3 85 75.4 24.1
71 73.3 55.9 86 75.2 24.5
72 73.5 55.9 87 75.5 24.5
73 73.5 56.6 88 76.2 24.1
74 74.0 56.1 89 75.4 24.3
75 74.0 55.9 90 75.5 24.4
76 73.9 56.2 91 75.3 24.5
77 73.8 56.7 92 75.6 24.3
78 74.0 57.3 93 76.0 24.2
79 74.0 57.4 94 76.7 23.9
80 74.5 57.5 95 77.5 23.4
81 74.4 58.4 96 77.1 23.7
82 74.1 58.9 97 76.6 23.6
83 74.4 57.9 98 76.2 23.9
84 74.3 59.3 99 76.2 24.2
85 74.5 58.4 100 76.3 24.0
86 74.4 59.2 101 75.9 24.2
87 74.5 59.8 102 77.1 23.8
88 74.5 59.6 103 77.3 23.5
89 74.4 60.3 104 76.8 23.7
90 74.5 60.6 105 77.1 23.7
91 74.9 60.6 106 76.4 24.0
92 74.3 61.6 107 76.4 24.1
93 74.5 61.4 108 76.4 24.1
94 74.5 61.4 109 76.6 24.0
95 73.8 62.6 110 77.3 23.8
96 73.6 63.3 111 77.7 23.6
97 73.7 63.6 112 77.2 23.5
98 73.7 63.3 113 76.9 23.9
99 73.6 63.4 114 77.1 24.0
101 74.2 62.4 115 76.8 24.0
102 73.9 61.9 116 76.9 24.1
103 73.8 62.4 117 76.2 24.5
104 74.0 62.5 118 76.0 24.8
105 74.0 62.0 119 76.7 24.5
106 74.0 61.6 120 76.5 24.6
107 74.2 61.2 121 76.8 24.4
108 73.7 62.0 122 76.7 24.3
109 73.9 62.0 123 76.7 24.3
110 74.5 61.4 124 76.5 24.4
111 74.4 61.1 125 76.6 24.6
112 74.5 60.6 126 76.9 24.5
113 74.4 61.0 127 76.8 24.3
114 74.7 60.6 128 76.8 24.4
115 74.8 60.8 129 76.9 24.4
116 74.5 60.8 130 76.9 24.5
117 75.1 59.4 131 76.8 24.7
118 74.6 60.2 132 77.1 24.4
119 74.4 61.1 133 76.3 24.8
120 74.4 61.2 134 76.4 24.9
121 74.2 61.5 135 76.9 24.8
122 74.5 60.5 136 77.0 24.7
123 74.5 60.8 137 76.9 24.6
124 74.3 61.2 138 77.1 24.7
125 74.3 60.8 139 77.0 24.6
126 74.3 60.5 140 77.2 24.7
127 74.5 60.6 141 76.5 25.0
128 74.3 60.5 142 77.3 24.7
129 74.5 60.4 143 77.1 24.5
130 74.7 60.4 144 77.2 24.7
131 74.2 60.5 145 77.1 24.6
132 74.6 60.6 146 77.1 24.8
133 74.9 60.4 147 77.1 24.8
134 75.0 60.0 148 77.1 24.9
135 75.0 60.1 149 76.8 24.7
136 75.3 59.4 150 77.2 24.7
137 75.5 59.7 151 77.1 24.8
138 75.3 60.7 152 77.1 24.7
139 75.1 61.1 153 77.9 24.4
140 75.5 60.8 154 78.5 24.1
141 75.8 61.7 155 78.8 23.8
142 75.0 64.0 156 78.1 24.2
143 75.2 64.8 157 77.4 24.5
144 75.6 65.2 158 77.6 24.6
145 75.2 66.1 159 77.7 24.5
146 74.9 67.6 160 79.0 24.1
147 75.0 67.4 161 79.0 23.7
148 76.0 66.2 162 78.4 23.9
149 76.2 66.3 163 77.9 24.1
150 76.0 67.1 164 77.8 24.3
151 76.0 66.5 165 77.9 24.3
152 75.6 67.4 166 77.7 24.5
153 75.5 68.0 167 77.9 24.3
154 74.8 69.8 168 78.1 24.3
155 74.9 70.3 169 78.1 24.3
156 75.0 69.6 170 78.1 24.2
157 75.2 69.2 171 77.8 24.4
158 75.4 68.9 172 78.2 24.3
159 74.9 70.0 173 77.9 24.4
160 74.6 70.3 174 77.9 24.4
161 75.1 69.3 175 77.8 24.3
162 75.2 69.3 176 77.9 24.6
163 75.6 68.4 177 78.0 24.6
164 75.2 69.0 178 78.1 24.6
165 75.0 69.2 179 77.8 24.6
166 75.4 68.3 180 78.2 24.5
167 75.2 69.2 181 77.7 24.8
168 75.4 67.5 182 78.2 24.5
169 75.4 68.2 183 77.9 24.6
170 75.7 67.2 184 78.1 24.6
171 75.2 67.7 185 77.9 24.6
172 75.2 68.2 186 77.9 24.7
173 75.6 67.9 187 77.6 25.0
174 75.7 66.8 188 78.5 24.7
175 75.3 67.2 189 78.0 24.6
176 75.2 68.4 190 78.0 24.6
177 75.8 66.7 191 78.4 24.6
178 74.9 68.1 192 77.9 24.8
179 74.8 68.8 193 77.9 24.8
180 74.9 68.0 194 78.4 24.7
181 74.6 68.8 195 78.9 24.3
182 74.7 69.1 196 78.4 24.4
183 74.7 68.7 197 78.4 24.7
184 74.5 68.0 198 78.8 24.6
185 74.5 68.6 199 78.3 24.7
186 74.7 68.4 200 78.1 24.8
187 74.5 68.7 201 78.1 24.8
188 74.4 69.0 202 78.1 24.8
189 74.5 68.5 203 78.1 24.9
190 74.2 69.0 204 78.4 24.7
191 74.3 68.4 205 78.4 24.6
192 75.5 66.9 206 78.0 25.0
193 75.5 65.8 207 78.6 24.7
194 75.3 66.4 208 78.4 24.7
195 75.5 66.2 209 78.2 25.0
196 75.7 65.9 210 78.1 24.9
197 76.0 65.1 211 78.7 24.7
198 75.4 66.9 212 78.9 24.4
199 75.4 66.5 213 78.8 24.5
200 75.5 65.9 214 79.1 24.3
201 75.3 67.1 215 79.2 24.6
202 75.3 66.9 216 78.6 24.7
203 75.6 66.3 217 79.0 24.4
204 75.0 67.4 218 79.1 24.4
205 75.7 66.2 220 78.9 24.6
206 75.2 67.0 221 78.5 24.7
207 75.2 67.3 221 79.3 24.6
208 74.9 68.6 223 79.8 24.4
209 75.4 67.6 224 79.5 24.3
210 75.3 67.8 224 78.9 24.7
211 75.2 68.5 226 78.9 24.7
212 75.1 68.8 227 78.9 24.9
213 75.5 68.6 228 78.9 24.8
214 74.3 70.2 229 79.8 24.5
215 73.9 71.5 230 79.7 24.3
216 74.0 70.6 231 79.8 24.3
217 73.6 71.8 232 79.4 24.4
218 74.1 70.2 233 78.7 25.0
219 74.1 70.4 234 79.2 24.9
220 74.3 69.4 235 79.2 25.0
221 73.9 69.6 236 79.0 25.0
222 73.7 70.6 237 78.9 25.0
223 73.6 70.0 238 79.0 25.1
224 73.7 69.9 239 79.2 25.0
225 73.7 70.0 240 78.9 25.3
226 73.8 69.5 241 79.1 25.2
227 73.8 68.7 242 79.1 25.2
228 73.5 69.2 243 79.0 25.4
229 73.7 68.7 244 79.1 25.4
230 73.5 68.6 245 79.4 25.2
231 73.3 68.4 246 79.2 25.2
232 73.2 68.6 247 79.0 25.2
233 73.2 68.1 248 79.3 25.3
234 73.5 69.2 249 79.3 25.0
235 74.4 67.0 250 79.1 25.5
236 74.5 67.3 251 78.8 25.6
237 74.1 68.3 252 78.9 25.6
238 74.3 68.7 253 79.1 25.6
240 74.4 68.0 254 79.1 25.5
241 74.4 68.8 255 79.0 25.7
242 74.3 68.0 256 79.1 25.6
243 74.1 70.0 257 79.7 25.4
244 75.0 67.9 258 79.3 25.5
245 75.3 67.5 259 79.4 25.5
246 74.3 68.6 260 79.1 25.7
247 74.3 69.3 261 79.1 25.4
248 74.7 68.4 262 79.6 25.5
249 74.5 68.3 263 79.9 25.2
250 74.3 68.7 264 79.6 25.7
251 74.4 68.2 265 79.5 25.5
252 74.4 68.7 266 79.4 25.6
253 75.0 68.7 267 79.6 25.5
254 75.5 67.6 268 79.7 25.4
255 75.6 67.3 269 79.7 25.3
256 75.7 67.5 270 79.6 25.5
257 75.8 68.1 271 79.4 25.8
258 75.9 67.8 272 79.7 25.6
259 76.0 67.6 273 79.6 25.4
260 75.7 68.3 274 79.6 25.6
261 76.1 67.7 275 79.9 25.3
262 76.0 69.6 276 79.8 25.6
263 76.1 70.0 277 79.8 25.6
264 76.0 71.2 278 80.0 25.3
265 76.0 71.1 279 79.8 25.4
266 75.9 71.9 280 80.2 25.5
267 75.7 72.8 281 79.7 25.6
268 76.0 71.9 282 79.9 25.8
269 76.0 72.2 283 79.4 25.8
270 76.3 71.8 284 79.4 25.8
271 75.9 73.2 285 79.9 25.8
272 76.0 73.7 286 80.8 25.1
273 75.8 73.3 287 80.3 25.3
274 74.8 75.2 288 80.0 25.7
275 75.4 74.8 289 79.4 25.7
276 75.5 74.7 290 79.8 25.8
277 75.4 74.5 291 79.7 26.0
278 75.4 74.0 292 80.9 25.4
279 75.5 74.0 293 80.1 25.4
280 75.4 73.7 294 79.9 25.9
281 75.4 73.9 295 79.8 25.9
282 75.7 73.8 296 79.9 25.9
283 75.7 73.4 297 79.9 25.7
284 75.6 73.5 298 79.8 26.1
285 75.9 72.9 299 80.2 25.8






Energy Model Data – Biowall and energy recovery ventilator present 




TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR
-36.0 -36.0 -36.0 7 -24 1 0 0 88% -36.0
-34.0 -34.0 -34.0 6 -20 1 0 0 88% -34.0
-32.0 -32.0 -32.0 17 -57 2 0 1 88% -32.0
-30.0 -30.0 -30.0 5 -16 1 0 0 88% -30.0
-28.0 -28.0 -28.0 13 -42 1 0 1 88% -28.0
-26.0 -26.0 -26.0 18 -57 2 0 1 87% -26.0
-24.0 -24.0 -24.0 7 -22 1 0 0 87% -24.0
-22.0 -22.0 -23.0 19 -58 2 0 1 87% -22.0
-20.0 -20.0 -21.0 38 -114 4 1 2 87% -20.0
-18.0 -18.0 -19.0 71 -209 7 2 3 86% -18.0
-16.0 -16.0 -17.0 95 -275 10 2 4 86% -16.0
-14.0 -14.0 -15.0 168 -476 17 4 7 86% -14.0
-12.0 -12.0 -13.0 56 -156 6 1 2 86% -12.0
-10.0 -10.0 -12.0 168 -459 17 4 7 85% -10.0
-8.0 -8.0 -10.0 177 -473 18 4 7 85% -8.0 -10.0 7 -19 1 0 0 85%
-6.0 -6.0 -8.0 178 -466 18 4 7 85% -6.0 -8.0 3 -8 0 0 0 85%
-4.0 -4.0 -6.0 247 -632 25 6 10 84% -4.0 -6.0 21 -54 2 1 1 84%
-2.0 -2.0 -3.0 185 -460 19 5 7 85% -2.0 -3.0 19 -47 2 0 1 85%
0.0 0.0 -1.0 212 -514 21 5 8 85% 0.0 -1.0 29 -70 3 1 1 85%
2.0 2.0 1.0 202 -478 20 5 8 84% 2.0 1.0 44 -104 4 1 2 84%
4.0 4.0 3.0 185 -426 19 5 7 84% 4.0 3.0 52 -120 5 1 2 84%
6.0 6.0 4.0 103 -233 10 3 4 83% 6.0 4.0 30 -68 3 1 1 83%
8.0 8.0 5.0 158 -350 16 4 6 83% 8.0 6.0 56 -123 6 1 2 83%
10.0 10.0 7.0 178 -383 18 4 7 83% 10.0 7.0 46 -99 5 1 2 83%
12.0 12.0 9.0 195 -407 20 5 8 82% 12.0 10.0 75 -156 8 2 3 83%
14.0 14.0 11.0 319 -646 32 8 13 82% 14.0 12.0 127 -255 13 3 5 83%
16.0 16.0 14.0 164 -319 16 4 7 83% 16.0 14.0 103 -200 10 3 4 83%
18.0 18.0 16.0 148 -278 15 4 6 83% 18.0 16.0 102 -192 10 3 4 83%
20.0 20.0 18.0 169 -307 17 4 7 83% 20.0 18.0 152 -276 15 4 6 83%
22.0 22.0 19.0 159 -281 16 4 6 82% 22.0 19.0 149 -263 15 4 6 82%
24.0 24.0 21.0 63 -107 6 2 3 82% 24.0 21.0 99 -168 10 2 4 82%
26.0 26.0 22.0 136 -103 14 3 5 81% 26.0 23.0 171 -127 17 4 7 82%
28.0 28.0 24.0 165 -113 17 4 7 81% 28.0 24.0 170 -116 17 4 7 81%
30.0 30.0 26.0 189 -117 19 5 8 81% 30.0 26.0 181 -112 18 5 7 81%
32.0 32.0 28.0 276 -155 28 7 11 82% 32.0 29.0 268 -148 27 7 11 83%
34.0 34.0 31.0 137 -68 14 3 5 83% 34.0 31.0 169 -84 17 4 7 83%
36.0 34.0 1 0 0 0 0 85% 36.0 32.0 164 -75 16 4 7 82% 36.0 33.0 153 -69 15 4 6 84%
38.0 34.0 29 -12 3 1 1 83% 38.0 34.0 158 -66 16 4 6 83% 38.0 34.0 212 -88 21 5 8 83%
40.0 35.0 41 -16 4 1 2 82% 40.0 35.0 163 -62 16 4 7 82% 40.0 36.0 212 -79 21 5 8 83%
42.0 36.0 37 -13 4 1 1 80% 42.0 36.0 72 -25 7 2 3 80% 42.0 37.0 116 -40 12 3 5 82%
44.0 39.0 79 -24 8 2 3 83% 44.0 38.0 188 -59 19 5 8 81% 44.0 39.0 225 -69 23 6 9 83%
46.0 40.0 152 -42 15 4 6 82% 46.0 40.0 231 -64 23 6 9 82% 46.0 41.0 265 -72 27 7 11 84%
48.0 41.0 147 -37 15 4 6 81% 48.0 41.0 210 -53 21 5 8 81% 48.0 43.0 209 -50 21 5 8 86%
50.0 42.0 310 -72 31 8 12 80% 50.0 44.0 342 -74 34 9 14 85% 50.0 46.0 378 -76 38 9 15 92%
52.0 43.0 249 -52 25 6 10 78% 52.0 46.0 283 -53 28 7 11 87% 52.0 47.0 243 -44 24 6 10 91%
54.0 44.0 289 -54 29 7 12 77% 54.0 48.0 281 -45 28 7 11 91% 54.0 49.0 287 -43 29 7 11 95%
56.0 45.0 255 -43 26 6 10 75% 56.0 49.0 293 -41 29 7 12 90% 56.0 52.0 279 -32 28 7 11 109%
58.0 47.0 321 -46 32 8 13 76% 58.0 51.0 280 -32 28 7 11 96% 58.0 53.0 303 -30 30 8 12 111%
60.0 48.0 158 -20 16 4 6 74% 60.0 51.0 143 -15 14 4 6 90% 60.0 55.0 183 -13 18 5 7 127%
62.0 48.0 324 -37 32 8 13 68% 62.0 52.0 253 -22 25 6 10 89% 62.0 56.0 342 -20 34 9 14 137%
64.0 49.0 302 -30 30 8 12 64% 64.0 53.0 216 -16 22 5 9 89% 64.0 58.0 340 -12 34 9 14 189%
66.0 51.0 303 0 30 8 12 65% 66.0 54.0 199 0 20 5 8 89% 66.0 60.0 321 0 32 8 13 450%
68.0 52.0 415 0 42 10 17 60% 68.0 55.0 244 0 24 6 10 88% 68.0 62.0 497 0 50 12 20 -345%
70.0 53.0 296 0 30 7 12 52% 70.0 56.0 114 0 11 3 5 88% 70.0 64.0 281 0 28 7 11 -79%
72.0 55.0 296 0 30 7 12 48% 72.0 57.0 92 0 9 2 4 89% 72.0 66.0 306 0 31 8 12 -26%
74.0 56.0 290 0 29 7 12 19% 74.0 58.0 69 0 7 2 3 100% 74.0 67.0 292 0 29 7 12 -5%
76.0 57.0 307 -2 31 8 12 -152% 76.0 58.0 59 0 6 1 2 353% 76.0 68.0 237 29 24 6 9 9%
78.0 57.0 150 0 15 4 6 3528% 78.0 59.0 22 0 2 1 1 124% 78.0 69.0 136 20 14 3 5 19%
80.0 59.0 287 9 29 7 11 144% 80.0 60.0 32 1 3 1 1 106% 80.0 70.0 195 33 20 5 8 26%
82.0 60.0 305 16 31 8 12 121% 82.0 61.0 11 1 1 0 0 99% 82.0 70.0 173 32 17 4 7 34%
84.0 61.0 291 22 29 7 12 110% 84.0 62.0 4 0 0 0 0 95% 84.0 71.0 119 25 12 3 5 39%
86.0 62.0 487 48 49 12 19 104% 86.0 63.0 4 0 0 0 0 92% 86.0 72.0 175 43 18 4 7 42%
88.0 63.0 299 37 30 7 12 100% 88.0 88.0 74.0 97 28 10 2 4 42%
90.0 64.0 357 54 36 9 14 97% 90.0 90.0 75.0 46 15 5 1 2 45%
92.0 65.0 318 57 32 8 13 95% 92.0 92.0 76.0 35 13 4 1 1 46%
94.0 66.0 301 63 30 8 12 93% 94.0 94.0 75.0 16 6 2 0 1 53%
96.0 66.0 134 30 13 3 5 97% 96.0 96.0 82.0 5 3 1 0 0 41%
98.0 67.0 237 62 24 6 9 95% 98.0 98.0 83.0 5 3 1 0 0 42%
100.0 67.0 243 171 24 6 10 99% 100.0 100.0 83.0 4 6 0 0 0 45%
102.0 68.0 202 157 20 5 8 97% 102.0 102.0
104.0 69.0 238 202 24 6 10 95% 104.0 104.0
106.0 69.0 134 117 13 3 5 99% 106.0 106.0
108.0 70.0 109 104 11 3 4 97% 108.0 108.0
110.0 70.0 59 58 6 1 2 100% 110.0 110.0
112.0 70.0 8 8 1 0 0 102% 112.0 112.0
Total Energy 8760 1716 876 219 350 135% 8760 10004 876 219 350 87% 8760 3802 876 219 350 63%
Cooling Energy 1215 4 256







Energy Model Data – Only energy recovery ventilator present 
Below are the results from the whole house EES model when only the ERV was present. 
 
  
TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR
-36.0 -36.0 -36.0 7 -31 1 0 0 79% -36.0
-34.0 -34.0 -34.0 6 -26 1 0 0 79% -34.0
-32.0 -32.0 -32.0 17 -72 2 0 0 79% -32.0
-30.0 -30.0 -30.0 5 -21 1 0 0 79% -30.0
-28.0 -28.0 -28.0 13 -53 1 0 0 78% -28.0
-26.0 -26.0 -26.0 18 -73 2 0 0 78% -26.0
-24.0 -24.0 -24.0 7 -28 1 0 0 78% -24.0
-22.0 -22.0 -23.0 19 -75 2 0 0 77% -22.0
-20.0 -20.0 -21.0 38 -147 4 0 0 77% -20.0
-18.0 -18.0 -19.0 71 -270 7 0 0 76% -18.0
-16.0 -16.0 -17.0 95 -355 10 0 0 76% -16.0
-14.0 -14.0 -15.0 168 -616 17 0 0 76% -14.0
-12.0 -12.0 -13.0 56 -201 6 0 0 75% -12.0
-10.0 -10.0 -12.0 168 -596 17 0 0 74% -10.0
-8.0 -8.0 -10.0 177 -616 18 0 0 74% -8.0 -10.0 7 -24 1 0 0 74%
-6.0 -6.0 -8.0 178 -607 18 0 0 74% -6.0 -8.0 3 -10 0 0 0 74%
-4.0 -4.0 -6.0 247 -826 25 0 0 73% -4.0 -6.0 21 -70 2 0 0 73%
-2.0 -2.0 -3.0 185 -601 19 0 0 73% -2.0 -3.0 19 -62 2 0 0 73%
0.0 0.0 -1.0 212 -674 21 0 0 73% 0.0 -1.0 29 -92 3 0 0 73%
2.0 2.0 1.0 202 -627 20 0 0 73% 2.0 1.0 44 -137 4 0 0 73%
4.0 4.0 3.0 185 -561 19 0 0 72% 4.0 3.0 52 -158 5 0 0 72%
6.0 6.0 4.0 103 -307 10 0 0 71% 6.0 4.0 30 -90 3 0 0 71%
8.0 8.0 5.0 158 -464 16 0 0 71% 8.0 6.0 56 -163 6 0 0 71%
10.0 10.0 7.0 178 -509 18 0 0 70% 10.0 7.0 46 -132 5 0 0 70%
12.0 12.0 9.0 195 -543 20 0 0 70% 12.0 10.0 75 -207 8 0 0 70%
14.0 14.0 11.0 319 -863 32 0 0 69% 14.0 12.0 127 -340 13 0 0 70%
16.0 16.0 14.0 164 -426 16 0 0 70% 16.0 14.0 103 -268 10 0 0 70%
18.0 18.0 16.0 148 -373 15 0 0 70% 18.0 16.0 102 -257 10 0 0 70%
20.0 20.0 18.0 169 -412 17 0 0 69% 20.0 18.0 152 -370 15 0 0 69%
22.0 22.0 19.0 159 -379 16 0 0 68% 22.0 19.0 149 -355 15 0 0 68%
24.0 24.0 21.0 63 -145 6 0 0 68% 24.0 21.0 99 -227 10 0 0 68%
26.0 26.0 22.0 136 -139 14 0 0 67% 26.0 23.0 171 -173 17 0 0 68%
28.0 28.0 24.0 165 -154 17 0 0 67% 28.0 24.0 170 -158 17 0 0 67%
30.0 30.0 26.0 189 -160 19 0 0 66% 30.0 26.0 181 -153 18 0 0 66%
32.0 32.0 28.0 276 -212 28 0 0 66% 32.0 29.0 268 -202 27 0 0 68%
34.0 34.0 31.0 137 -94 14 0 0 68% 34.0 31.0 169 -116 17 0 0 68%
36.0 34.0 1 -1 0 0 0 69% 36.0 32.0 164 -104 16 0 0 66% 36.0 33.0 153 -95 15 0 0 68%
38.0 34.0 29 -17 3 0 0 66% 38.0 34.0 158 -91 16 0 0 66% 38.0 34.0 212 -122 21 0 0 66%
40.0 35.0 41 -22 4 0 0 65% 40.0 35.0 163 -87 16 0 0 65% 40.0 36.0 212 -110 21 0 0 66%
42.0 36.0 37 -18 4 0 0 63% 42.0 36.0 72 -36 7 0 0 63% 42.0 37.0 116 -56 12 0 0 65%
44.0 39.0 79 -34 8 0 0 65% 44.0 38.0 188 -83 19 0 0 63% 44.0 39.0 225 -97 23 0 0 65%
46.0 40.0 152 -60 15 0 0 63% 46.0 40.0 231 -92 23 0 0 63% 46.0 41.0 265 -102 27 0 0 65%
48.0 41.0 147 -54 15 0 0 61% 48.0 41.0 210 -77 21 0 0 61% 48.0 43.0 209 -71 21 0 0 66%
50.0 42.0 310 -104 31 0 0 59% 50.0 44.0 342 -106 34 0 0 64% 50.0 46.0 378 -107 38 0 0 70%
52.0 43.0 249 -77 25 0 0 57% 52.0 46.0 283 -77 28 0 0 65% 52.0 47.0 243 -63 24 0 0 68%
54.0 44.0 289 -82 29 0 0 55% 54.0 48.0 281 -65 28 0 0 66% 54.0 49.0 287 -63 29 0 0 70%
56.0 45.0 255 -66 26 0 0 52% 56.0 49.0 293 -61 29 0 0 64% 56.0 52.0 279 -47 28 0 0 80%
58.0 47.0 321 -71 32 0 0 51% 58.0 51.0 280 -48 28 0 0 67% 58.0 53.0 303 -44 30 0 0 79%
60.0 48.0 158 -32 16 0 0 48% 60.0 51.0 143 -23 14 0 0 59% 60.0 55.0 183 -20 18 0 0 88%
62.0 48.0 324 -62 32 0 0 42% 62.0 52.0 253 -36 25 0 0 56% 62.0 56.0 342 -31 34 0 0 88%
64.0 49.0 302 -51 30 0 0 37% 64.0 53.0 216 -26 22 0 0 52% 64.0 58.0 340 -19 34 0 0 112%
66.0 51.0 303 0 30 0 0 34% 66.0 54.0 199 0 20 0 0 46% 66.0 60.0 321 0 32 0 0 200%
68.0 52.0 415 0 42 0 0 27% 68.0 55.0 244 0 24 0 0 39% 68.0 62.0 497 0 50 0 0 -409%
70.0 53.0 296 0 30 0 0 19% 70.0 56.0 114 0 11 0 0 29% 70.0 64.0 281 0 28 0 0 -49%
72.0 55.0 296 0 30 0 0 9% 72.0 57.0 92 0 9 0 0 13% 72.0 66.0 306 0 31 0 0 -9%
74.0 56.0 290 0 29 0 0 -11% 74.0 58.0 69 0 7 0 0 -18% 74.0 67.0 292 0 29 0 0 7%
76.0 57.0 307 -20 31 0 0 -43% 76.0 58.0 59 -3 6 0 0 -60% 76.0 68.0 237 37 24 0 0 18%
78.0 57.0 150 -9 15 0 0 -78% 78.0 59.0 22 -1 2 0 0 -202% 78.0 69.0 136 26 14 0 0 25%
80.0 59.0 287 -5 29 0 0 -359% 80.0 60.0 32 0 3 0 0 8934% 80.0 70.0 195 44 20 0 0 30%
82.0 60.0 305 2 31 0 0 1509% 82.0 61.0 11 0 1 0 0 337% 82.0 70.0 173 40 17 0 0 38%
84.0 61.0 291 9 29 0 0 345% 84.0 62.0 4 0 0 0 0 207% 84.0 71.0 119 32 12 0 0 41%
86.0 62.0 487 30 49 0 0 223% 86.0 63.0 4 0 0 0 0 163% 86.0 72.0 175 55 18 0 0 44%
88.0 63.0 299 27 30 0 0 177% 88.0 88.0 74.0 97 37 10 0 0 42%
90.0 64.0 357 44 36 0 0 152% 90.0 90.0 75.0 46 20 5 0 0 44%
92.0 65.0 318 50 32 0 0 136% 92.0 92.0 76.0 35 17 4 0 0 45%
94.0 66.0 301 59 30 0 0 125% 94.0 94.0 75.0 16 7 2 0 0 52%
96.0 66.0 134 28 13 0 0 133% 96.0 96.0 82.0 5 4 1 0 0 37%
98.0 67.0 237 59 24 0 0 124% 98.0 98.0 83.0 5 4 1 0 0 38%
100.0 67.0 243 161 24 0 0 130% 100.0 100.0 83.0 4 9 0 0 0 41%
102.0 68.0 202 152 20 0 0 123% 102.0 102.0
104.0 69.0 238 202 24 0 0 117% 104.0 104.0
106.0 69.0 134 116 13 0 0 122% 106.0 106.0
108.0 70.0 109 105 11 0 0 116% 108.0 108.0
110.0 70.0 59 58 6 0 0 121% 110.0 110.0
112.0 70.0 8 8 1 0 0 125% 112.0 112.0
Total 8760 1894 876 0 0 122% 8760 13270 876 0 0 96% 8760 5141 876 0 0 36%
Cooling Energy 1111 1 332







Energy Model Data – Biowall only present 




TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR
-36.0 -36.0 -36.0 7 -29 0 0 0 90% -36.0
-34.0 -34.0 -34.0 6 -24 0 0 0 90% -34.0
-32.0 -32.0 -32.0 17 -69 0 0 1 90% -32.0
-30.0 -30.0 -30.0 5 -20 0 0 0 90% -30.0
-28.0 -28.0 -28.0 13 -51 0 0 1 90% -28.0
-26.0 -26.0 -26.0 18 -70 0 0 1 90% -26.0
-24.0 -24.0 -24.0 7 -27 0 0 0 90% -24.0
-22.0 -22.0 -23.0 19 -71 0 0 1 89% -22.0
-20.0 -20.0 -21.0 38 -140 0 1 2 89% -20.0
-18.0 -18.0 -19.0 71 -256 0 2 3 89% -18.0
-16.0 -16.0 -17.0 95 -336 0 2 4 89% -16.0
-14.0 -14.0 -15.0 168 -582 0 4 7 89% -14.0
-12.0 -12.0 -13.0 56 -190 0 1 2 88% -12.0
-10.0 -10.0 -12.0 168 -560 0 4 7 88% -10.0
-8.0 -8.0 -10.0 177 -577 0 4 7 88% -8.0 -10.0 7 -23 0 0 0 88%
-6.0 -6.0 -8.0 178 -567 0 4 7 87% -6.0 -8.0 3 -10 0 0 0 87%
-4.0 -4.0 -6.0 247 -769 0 6 10 87% -4.0 -6.0 21 -65 0 1 1 87%
-2.0 -2.0 -3.0 185 -560 0 5 7 88% -2.0 -3.0 19 -58 0 0 1 88%
0.0 0.0 -1.0 212 -626 0 5 8 87% 0.0 -1.0 29 -86 0 1 1 87%
2.0 2.0 1.0 202 -581 0 5 8 87% 2.0 1.0 44 -127 0 1 2 87%
4.0 4.0 3.0 185 -519 0 5 7 87% 4.0 3.0 52 -146 0 1 2 87%
6.0 6.0 4.0 103 -283 0 3 4 86% 6.0 4.0 30 -82 0 1 1 86%
8.0 8.0 5.0 158 -424 0 4 6 86% 8.0 6.0 56 -149 0 1 2 86%
10.0 10.0 7.0 178 -464 0 4 7 86% 10.0 7.0 46 -120 0 1 2 86%
12.0 12.0 9.0 195 -493 0 5 8 85% 12.0 10.0 75 -189 0 2 3 86%
14.0 14.0 11.0 319 -782 0 8 13 85% 14.0 12.0 127 -309 0 3 5 86%
16.0 16.0 14.0 164 -387 0 4 7 86% 16.0 14.0 103 -243 0 3 4 86%
18.0 18.0 16.0 148 -337 0 4 6 86% 18.0 16.0 102 -232 0 3 4 86%
20.0 20.0 18.0 169 -371 0 4 7 86% 20.0 18.0 152 -334 0 4 6 86%
22.0 22.0 19.0 159 -339 0 4 6 85% 22.0 19.0 149 -318 0 4 6 85%
24.0 24.0 21.0 63 -129 0 2 3 85% 24.0 21.0 99 -203 0 2 4 85%
26.0 26.0 22.0 136 -124 0 3 5 84% 26.0 23.0 171 -154 0 4 7 85%
28.0 28.0 24.0 165 -136 0 4 7 84% 28.0 24.0 170 -140 0 4 7 84%
30.0 30.0 26.0 189 -141 0 5 8 85% 30.0 26.0 181 -135 0 5 7 85%
32.0 32.0 28.0 276 -187 0 7 11 85% 32.0 29.0 268 -179 0 7 11 86%
34.0 34.0 31.0 137 -83 0 3 5 86% 34.0 31.0 169 -102 0 4 7 86%
36.0 34.0 1 -1 0 0 0 88% 36.0 32.0 164 -91 0 4 7 85% 36.0 33.0 153 -84 0 4 6 86%
38.0 34.0 29 -15 0 1 1 86% 38.0 34.0 158 -79 0 4 6 86% 38.0 34.0 212 -106 0 5 8 86%
40.0 35.0 41 -19 0 1 2 85% 40.0 35.0 163 -75 0 4 7 85% 40.0 36.0 212 -96 0 5 8 86%
42.0 36.0 37 -16 0 1 1 84% 42.0 36.0 72 -30 0 2 3 84% 42.0 37.0 116 -48 0 3 5 85%
44.0 39.0 79 -29 0 2 3 86% 44.0 38.0 188 -71 0 5 8 84% 44.0 39.0 225 -83 0 6 9 86%
46.0 40.0 152 -51 0 4 6 85% 46.0 40.0 231 -78 0 6 9 85% 46.0 41.0 265 -87 0 7 11 87%
48.0 41.0 147 -45 0 4 6 84% 48.0 41.0 210 -64 0 5 8 84% 48.0 43.0 209 -61 0 5 8 88%
50.0 42.0 310 -85 0 8 12 83% 50.0 44.0 342 -89 0 9 14 88% 50.0 46.0 378 -93 0 9 15 93%
52.0 43.0 249 -62 0 6 10 82% 52.0 46.0 283 -64 0 7 11 90% 52.0 47.0 243 -53 0 6 10 93%
54.0 44.0 289 -64 0 7 12 80% 54.0 48.0 281 -54 0 7 11 92% 54.0 49.0 287 -53 0 7 11 96%
56.0 45.0 255 -51 0 6 10 79% 56.0 49.0 293 -50 0 7 12 92% 56.0 52.0 279 -41 0 7 11 107%
58.0 47.0 321 -54 0 8 13 80% 58.0 51.0 280 -39 0 7 11 97% 58.0 53.0 303 -38 0 8 12 109%
60.0 48.0 158 -23 0 4 6 78% 60.0 51.0 143 -18 0 4 6 91% 60.0 55.0 183 -17 0 5 7 121%
62.0 48.0 324 -43 0 8 13 72% 62.0 52.0 253 -27 0 6 10 91% 62.0 56.0 342 -26 0 9 14 128%
64.0 49.0 302 -34 0 8 12 69% 64.0 53.0 216 -19 0 5 9 91% 64.0 58.0 340 -16 0 9 14 163%
66.0 51.0 303 0 0 8 12 69% 66.0 54.0 199 0 0 5 8 90% 66.0 60.0 321 0 0 8 13 282%
68.0 52.0 415 0 0 10 17 64% 68.0 55.0 244 0 0 6 10 90% 68.0 62.0 497 0 0 12 20 -1160%
70.0 53.0 296 0 0 7 12 55% 70.0 56.0 114 0 0 3 5 90% 70.0 64.0 281 0 0 7 11 -103%
72.0 55.0 296 0 0 7 12 49% 72.0 57.0 92 0 0 2 4 90% 72.0 66.0 306 0 0 8 12 -28%
74.0 56.0 290 0 0 7 12 9% 74.0 58.0 69 0 0 2 3 99% 74.0 67.0 292 0 0 7 12 -2%
76.0 57.0 307 0 0 8 12 -17380% 76.0 58.0 59 1 0 1 2 177% 76.0 68.0 237 30 0 6 9 14%
78.0 57.0 150 2 0 4 6 315% 78.0 59.0 22 1 0 1 1 116% 78.0 69.0 136 21 0 3 5 25%
80.0 59.0 287 14 0 7 11 129% 80.0 60.0 32 2 0 1 1 104% 80.0 70.0 195 37 0 5 8 33%
82.0 60.0 305 22 0 8 12 115% 82.0 61.0 11 1 0 0 0 99% 82.0 70.0 173 36 0 4 7 41%
84.0 61.0 291 29 0 7 12 108% 84.0 62.0 4 0 0 0 0 96% 84.0 71.0 119 29 0 3 5 46%
86.0 62.0 487 64 0 12 19 103% 86.0 63.0 4 1 0 0 0 94% 86.0 72.0 175 48 0 4 7 49%
88.0 63.0 299 48 0 7 12 100% 88.0 88.0 74.0 97 32 0 2 4 49%
90.0 64.0 357 70 0 9 14 98% 90.0 90.0 75.0 46 17 0 1 2 51%
92.0 65.0 318 73 0 8 13 96% 92.0 92.0 76.0 35 15 0 1 1 53%
94.0 66.0 301 81 0 8 12 94% 94.0 94.0 75.0 16 7 0 0 1 59%
96.0 66.0 134 39 0 3 5 98% 96.0 96.0 82.0 5 3 0 0 0 47%
98.0 67.0 237 79 0 6 9 96% 98.0 98.0 83.0 5 3 0 0 0 49%
100.0 67.0 243 220 0 6 10 100% 100.0 100.0 83.0 4 7 0 0 0 51%
102.0 68.0 202 200 0 5 8 98% 102.0 102.0
104.0 69.0 238 257 0 6 10 96% 104.0 104.0
106.0 69.0 134 150 0 3 5 99% 106.0 106.0
108.0 70.0 109 132 0 3 4 98% 108.0 108.0
110.0 70.0 59 74 0 1 2 100% 110.0 110.0
112.0 70.0 8 10 0 0 0 102% 112.0 112.0
Total 8760 2156 0 219 350 -523% 2725 8760 12153 0 219 350 89% 12723 8760 4589 0 219 350 10%
Cooling Energy 1565 5 285







Energy Model Data – No technology present 
Below are the results from the whole house EES model when no energy efficient 
ventilation technology was present. 
 
  
TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR TOA (F) TOAWB (F) Bin (hrs) EHP (kWh) EERV (kWh) Efan (kWh) Elights (kWh) SHR
-36.0 -36.0 -36.0 7 -39 0 0 0 84% -36.0
-34.0 -34.0 -34.0 6 -33 0 0 0 84% -34.0
-32.0 -32.0 -32.0 17 -93 0 0 0 84% -32.0
-30.0 -30.0 -30.0 5 -27 0 0 0 84% -30.0
-28.0 -28.0 -28.0 13 -70 0 0 0 83% -28.0
-26.0 -26.0 -26.0 18 -95 0 0 0 83% -26.0
-24.0 -24.0 -24.0 7 -36 0 0 0 83% -24.0
-22.0 -22.0 -23.0 19 -97 0 0 0 82% -22.0
-20.0 -20.0 -21.0 38 -191 0 0 0 82% -20.0
-18.0 -18.0 -19.0 71 -351 0 0 0 82% -18.0
-16.0 -16.0 -17.0 95 -461 0 0 0 82% -16.0
-14.0 -14.0 -15.0 168 -799 0 0 0 81% -14.0
-12.0 -12.0 -13.0 56 -261 0 0 0 81% -12.0
-10.0 -10.0 -12.0 168 -771 0 0 0 80% -10.0
-8.0 -8.0 -10.0 177 -796 0 0 0 80% -8.0 -10.0 7 -31 0 0 0 80%
-6.0 -6.0 -8.0 178 -784 0 0 0 80% -6.0 -8.0 3 -13 0 0 0 80%
-4.0 -4.0 -6.0 247 -1064 0 0 0 79% -4.0 -6.0 21 -90 0 0 0 79%
-2.0 -2.0 -3.0 185 -775 0 0 0 80% -2.0 -3.0 19 -80 0 0 0 80%
0.0 0.0 -1.0 212 -868 0 0 0 79% 0.0 -1.0 29 -119 0 0 0 79%
2.0 2.0 1.0 202 -807 0 0 0 79% 2.0 1.0 44 -176 0 0 0 79%
4.0 4.0 3.0 185 -721 0 0 0 79% 4.0 3.0 52 -203 0 0 0 79%
6.0 6.0 4.0 103 -394 0 0 0 78% 6.0 4.0 30 -115 0 0 0 78%
8.0 8.0 5.0 158 -593 0 0 0 77% 8.0 6.0 56 -209 0 0 0 78%
10.0 10.0 7.0 178 -650 0 0 0 77% 10.0 7.0 46 -168 0 0 0 77%
12.0 12.0 9.0 195 -692 0 0 0 76% 12.0 10.0 75 -264 0 0 0 77%
14.0 14.0 11.0 319 -1100 0 0 0 76% 14.0 12.0 127 -434 0 0 0 77%
16.0 16.0 14.0 164 -544 0 0 0 76% 16.0 14.0 103 -342 0 0 0 76%
18.0 18.0 16.0 148 -475 0 0 0 76% 18.0 16.0 102 -327 0 0 0 76%
20.0 20.0 18.0 169 -524 0 0 0 76% 20.0 18.0 152 -472 0 0 0 76%
22.0 22.0 19.0 159 -481 0 0 0 75% 22.0 19.0 149 -451 0 0 0 75%
24.0 24.0 21.0 63 -184 0 0 0 75% 24.0 21.0 99 -288 0 0 0 75%
26.0 26.0 22.0 136 -176 0 0 0 74% 26.0 23.0 171 -219 0 0 0 75%
28.0 28.0 24.0 165 -194 0 0 0 74% 28.0 24.0 170 -200 0 0 0 74%
30.0 30.0 26.0 189 -202 0 0 0 73% 30.0 26.0 181 -193 0 0 0 73%
32.0 32.0 28.0 276 -268 0 0 0 73% 32.0 29.0 268 -256 0 0 0 74%
34.0 34.0 31.0 137 -119 0 0 0 75% 34.0 31.0 169 -146 0 0 0 75%
36.0 34.0 1 -1 0 0 0 76% 36.0 32.0 164 -131 0 0 0 73% 36.0 33.0 153 -120 0 0 0 74%
38.0 34.0 29 -21 0 0 0 73% 38.0 34.0 158 -115 0 0 0 73% 38.0 34.0 212 -154 0 0 0 73%
40.0 35.0 41 -27 0 0 0 72% 40.0 35.0 163 -109 0 0 0 72% 40.0 36.0 212 -139 0 0 0 73%
42.0 36.0 37 -23 0 0 0 70% 42.0 36.0 72 -44 0 0 0 70% 42.0 37.0 116 -70 0 0 0 72%
44.0 39.0 79 -43 0 0 0 72% 44.0 38.0 188 -104 0 0 0 70% 44.0 39.0 225 -122 0 0 0 72%
46.0 40.0 152 -75 0 0 0 70% 46.0 40.0 231 -115 0 0 0 70% 46.0 41.0 265 -128 0 0 0 72%
48.0 41.0 147 -67 0 0 0 69% 48.0 41.0 210 -95 0 0 0 69% 48.0 43.0 209 -90 0 0 0 73%
50.0 42.0 310 -129 0 0 0 67% 50.0 44.0 342 -133 0 0 0 71% 50.0 46.0 378 -137 0 0 0 77%
52.0 43.0 249 -94 0 0 0 65% 52.0 46.0 283 -96 0 0 0 72% 52.0 47.0 243 -79 0 0 0 75%
54.0 44.0 289 -99 0 0 0 63% 54.0 48.0 281 -82 0 0 0 73% 54.0 49.0 287 -80 0 0 0 77%
56.0 45.0 255 -79 0 0 0 60% 56.0 49.0 293 -76 0 0 0 72% 56.0 52.0 279 -62 0 0 0 85%
58.0 47.0 321 -86 0 0 0 60% 58.0 51.0 280 -61 0 0 0 74% 58.0 53.0 303 -58 0 0 0 84%
60.0 48.0 158 -38 0 0 0 56% 60.0 51.0 143 -29 0 0 0 67% 60.0 55.0 183 -27 0 0 0 91%
62.0 48.0 324 -72 0 0 0 50% 62.0 52.0 253 -44 0 0 0 64% 62.0 56.0 342 -41 0 0 0 91%
64.0 49.0 302 -59 0 0 0 45% 64.0 53.0 216 -32 0 0 0 60% 64.0 58.0 340 -28 0 0 0 108%
66.0 51.0 303 0 0 0 0 42% 66.0 54.0 199 0 0 0 0 55% 66.0 60.0 321 0 0 0 0 156%
68.0 52.0 415 0 0 0 0 35% 68.0 55.0 244 0 0 0 0 47% 68.0 62.0 497 0 0 0 0 902%
70.0 53.0 296 0 0 0 0 25% 70.0 56.0 114 0 0 0 0 36% 70.0 64.0 281 0 0 0 0 -85%
72.0 55.0 296 0 0 0 0 12% 72.0 57.0 92 0 0 0 0 17% 72.0 66.0 306 0 0 0 0 -13%
74.0 56.0 290 0 0 0 0 -16% 74.0 58.0 69 0 0 0 0 -27% 74.0 67.0 292 0 0 0 0 10%
76.0 57.0 307 -16 0 0 0 -73% 76.0 58.0 59 -2 0 0 0 -111% 76.0 68.0 237 40 0 0 0 23%
78.0 57.0 150 -6 0 0 0 -158% 78.0 59.0 22 0 0 0 0 -1451% 78.0 69.0 136 28 0 0 0 32%
80.0 59.0 287 2 0 0 0 1178% 80.0 60.0 32 1 0 0 0 342% 80.0 70.0 195 49 0 0 0 38%
82.0 60.0 305 13 0 0 0 301% 82.0 61.0 11 1 0 0 0 201% 82.0 70.0 173 47 0 0 0 46%
84.0 61.0 291 22 0 0 0 203% 84.0 62.0 4 0 0 0 0 159% 84.0 71.0 119 38 0 0 0 50%
86.0 62.0 487 56 0 0 0 165% 86.0 63.0 4 1 0 0 0 138% 86.0 72.0 175 64 0 0 0 52%
88.0 63.0 299 46 0 0 0 145% 88.0 88.0 74.0 97 44 0 0 0 50%
90.0 64.0 357 71 0 0 0 132% 90.0 90.0 75.0 46 23 0 0 0 52%
92.0 65.0 318 78 0 0 0 123% 92.0 92.0 76.0 35 20 0 0 0 53%
94.0 66.0 301 88 0 0 0 117% 94.0 94.0 75.0 16 9 0 0 0 61%
96.0 66.0 134 43 0 0 0 122% 96.0 96.0 82.0 5 4 0 0 0 45%
98.0 67.0 237 88 0 0 0 116% 98.0 98.0 83.0 5 5 0 0 0 46%
100.0 67.0 243 244 0 0 0 120% 100.0 100.0 83.0 4 10 0 0 0 49%
102.0 68.0 202 227 0 0 0 115% 102.0 102.0
104.0 69.0 238 296 0 0 0 111% 104.0 104.0
106.0 69.0 134 172 0 0 0 115% 106.0 106.0
108.0 70.0 109 153 0 0 0 111% 108.0 108.0
110.0 70.0 59 85 0 0 0 114% 110.0 110.0
112.0 70.0 8 12 0 0 0 117% 112.0 112.0
Total 8760 2632 0 0 0 119% 8760 17006 0 0 0 67% 8760 6512 0 0 0 112%
Cooling Energy 1697 3 381







Energy Model Data – Summary in kWh/yr 
Below is a summary of the previous graphs’ total annual energy consumption in kWh/yr 
  
Energy Model Data – Summary in kBtu/sf 




BW&ERV Cooling 1215 4 256
Heating 501 10000 3546
Biowall 569 569 569
Fan 219 219 219
Lights 350 350 350
ERV 876 876 876
ERV Cooling 1111 1 332
Heating 784 13269 4809
Biowall 0 0 0
Fan 0 0 0
Lights 0 0 0
ERV 876 876 876
BW Cooling 1565 5 285
Heating 591 12148 4304
Biowall 569 569 569
Fan 219 219 219
Lights 350 350 350
ERV 0 0 0
None Cooling 1697 3 381
Heating 935 17004 6132
Biowall 0 0 0
Fan 0 0 0
Lights 0 0 0
ERV 0 0 0
Cooling Heating






























Appendix C: Instrumentation 
Aircuity Optima Unit Sensor Details  
The information below discusses the technical specifications of the Aircuity Optima unit 




















Draeger CMS Toluene Chip Technical Specifications 
Below is the technical specifications for the specific type of chip used in the Draeger 


























































Appendix E: Parts List 

























































































Appendix F: Energy Model 









Whole House Energy Model EES Code 
 
  
118 
 
1
1
8
 
 
 
